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ABSTRACT
One of the latest members of the rapidly growing thermoplastic polymer family which appears capable of successfully
competing with the currently saturated textile and chemical
markets is polypropylene fiber. The objectives of this Thesis
were to: (1) examine the effects of polymer characteristics
and fiber processing conditions on the properties of polypropylene fibers, and (2) correlate all existing information on
the physical, chemical, and mechanical properties of polypropylene fibers and comparatively evaluate this material with
other fibers, natural and synthetic.
Polypropylene is the first member of a new group of
polymers prepared by a mechanism defined as "stereospecific"
polymerization. From a simple monomer, this technique produces a polypropylene with an exceptionally uniform molecular
structure which imparts outstanding engineering properties
into the polymer. Such structural regularity can be varied to
tailor the properties of the polymer to best satisfy a given
requirement.
The low costs of propylene monomer and the polymerization
process give polypropylene a cost advantage over similar products.
In addition, polypropylene fibers, because of their structural
uniqueness, exhibit outstanding physical properties relative

to other commercial fibers. The density of polypropylene is
the lowest of any fiber available; super-tenacity polypropylene fibers have been prepared that exceed the strength of all
commercial fibers - including the much more expensive nylons.
Polypropylene fibers also excel in other important physical
properties, such as toughness, resilience, permeability, chemical resistance, and abrasion resistance.
The major problem with regard to widespread use of polypropylene is limited dyeability, a characteristic which stems
from the inherent inertness of the polypropylene structure to
permeants. However, in view of the major research effort devoted to this problem, it is reasonable to expect that an answer is forthcoming.
In summary, the relative low polymer cost and outstanding
properties of polypropylene fibers rank this material as one
of the important fibers of the future.
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PREFACE
This Thesis represents a compilation and correlation of
pertinent information currently available on polypropylene
fibers. Specifically, the information presented considers
the effects of fiber processing conditions upon polypropylene
fiber properties as well as the engineering properties of
polypropylene relative to other commercial fibers. The data
on polypropylene fibers were obtained almost entirely from
recent technical periodicals, reports, and technical literature of various polypropylene manufacturers. Since much of
the original work on polypropylene was conducted by the Monte catini Company in Italy, several pertinent trade journals were
foreign-based and required translation. Reference is made to
sources of information indicated in the appended list of REFERENCES for the tables and figures; many figures were reproduced as they appear in the original articles.
When available, the origin of a fiber used in a specific
analysis is presented by indicating the manufacturer's trademark; a list of these trademarks as well as several definitions
are given in the appended section of DEFINITIONS AND FIBER
TRADEMARKS.

The more general term "fiber" is used in this Thesis to
include both monofilaments which are relatively coarse fibers,
approximately 40 to 1000 denier, and textile fibers which have
a denier between one and fifteen. Multifilament yarns consist
of a group of textile fibers assembled together to form a
single thread. Since fibers are widely utilized in the form
of yarns, considerable information on the properties of various yarns relative to polypropylene yarn is presented.
The information contained in this Thesis on polypropylene
fibers as developed by various manufacturers is gratefully acknowledged. The excellent publications on the development
work on polypropylene fibers by the Montecatini Company and
the recent study by the Southern Research Institute are especially noteworthy.
Particular gratitude is extended to Dr. C. L. Mantell,
Professor, Chemical Engineering Department, for his guidance
and advice in the preparation of this Thesis.
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1
I. POLYMERIZATION OF PROPYLENE
DEVELOPMENT OF

POLYPROPYLENE

For a long time, the polymers of propylene, an inexpensive
petroleum derivative, were known only as viscous oils of little commercial usefulness. These oils, with a viscosity range
dependent upon the molecular weight of the polymer, were not
crystallized by the methods of polymerization known to produce
a crystalline structure in such materials as ethylene, vinylidene chloride, and perfluoroethylene. However, in 1954, Professor G. Natta discovered a new polymerization mechanism
which could transform the random structural arrangement of
these "non-crystallizable" polymers into structures of high
chemical and geometrical regularity. These polymers, consisting of linear molecules in which the chemical groups are regularly arranged along the macromolecule, are highly crystalline
and consequently exhibit outstanding physical properties compared to their amorphous counterparts.
MOLECULAR STRUCTURE OF POLYPROPYLENE
Professor Natta defined this new type of polymer-forming
process which produces these regular polymers as stereospecific
polymerization; the agents used to initiate such reactions
were called stereospecific catalysts. The polymers, or the
macromolecules comprising these polymers which possessed this
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structural regularity, are designated as "tactic", and structures with randomly positioned parts of the molecule as
"atactic". Further, with reference to polypropylene specifically, two highly crystalline, sterically regular structures
are possible, defined as "isotactic" and "syndiotactic". In
the isotactic arrangement all the methyl groups are stationed
on one side of the main chain of the polypropylene macromolecule; the methyl groups alternate regularly on both sides of
the chain in the syndiotactic configuration. These two structural arrangements are shown below:

The macromolecules of isotactic polypropylene conform to
a helical shape of which four types exist depending on the
disposition of the methyl groups. The helix can be right or - left-handed with the methyl groups "up" or "down".
Chain structures of isotactic, syndiotactic, and atactic polypropylene are presented in Figure 1. Further, depending on

3
the heat treatment of the polymer, two isotactic structures of
polypropylene are possible: (1) a stable monoclinic form
which is highly crystalline, and (2) a less crystalline,
supercooled "smetic" form. This paracrystalline, or "smetic",
form can be transformed to the monoclinic structure upon heating. X-ray diffraction patterns of these various polypropylene
forms are given in Figure 2.

Figure1MolecuarConfigurationsfrVaiousPlypro len Struc es.(R-7)

Figure2X-RayDfctionrVausPlypoenStrucs.(R-3)
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ADVANTAGES OF STEREOSPECIFIC POLYMERIZATION
An especially desirable aspect of stereospecific polymerization of propylene is realized when the many possible
varieties of tacticity, as obtained by varying the conditions
of polymerization, are considered. These varieties of tacticity stem from the numerous combinations of molecular weight,
length variations of isotactic structural sections, and portions of atactic regions which comprise the polymers. This
characteristic permits the preparation of polypropylenes with
a wide range of mechanical properties from the same starting
monomer, depending upon the steric structure imparted to the
polymer. Thus a material can be tailored specifically, within
relatively wide limits of physical properties, to best satisfy
the needs of a particular application.
Many olefins have asymmetrical monomeric units and, as
such, could not crystallize because of their structural nonuniformity. Table 1 denotes the polymerization mechanism
required to crystallize various olefinic monomers.
Stereospecific polymerizations, by imparting a regular
structure to the macromolecules, permit the use of simple and
inexpensive monomers, factors of great importance in the overall cost of the finished fibers. The cost factor of a new
fiber in such a highly competitive industry as textiles, is
naturally of paramount importance. Table 2 shows comparative
monomer cost data based on the production of the monomers in
the United States.
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TABLE 1
Crystalline Polymerization Mechanisms
for Various Olefinic Monomers
A. Monomers which produce linear crystalline polymers by
ordinary processes of polymerization.

Monomers

Symmetrical
Monomeric Units
H
| |
- C -- C | |
H

Ethylene

H

H
H
Vinylidene Chloride

Cl
|

- C -- C | |
Cl
H
F

Perfluorethylene

|

|

F
|

- C -- C | |
F
F
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TABLE 1, Continued
B. Monomers which produce crystalline polymers only by
stereospecific polymerization.

Monomers

Asymmetrical
Monomeric Units
H
|

Propylene

Styrene

- C -- C |
|
H
H
H
C6H5
|
|
- C -- C |
|
H
H
H
|

Vinyl Ethers

Acrylates

Reference: 29

CH3
|

OR
|

- C -- C |
|
H

H

H
|

COOR
|

- C -- C | |
H
H

9
TABLE 2
Comparative Cost of Various Monomers as Produced Commercially

Polymer

Cost of the Monomer
in U. S., cents/lb.

Polyethylene

5-6

Isotactic Polypropylene

3-5

Isotactic Polybutylene

4-5

Isotactic Polystyrene

Reference: 29

13-14
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II. FIBER MANUFACTURE OPERATIONS
Three basic methods of preparation of synthetic fibers
are used commercially: (1) wet spinning, (2) dry spinning,
and (3) melt spinning. In each process a viscous fluid is
extruded through a multi-holed die or spinneret forming a fine
diameter fiber. Polypropylene fibers are prepared via the
melt spinning technique, which essentially is comprised of two
manufacturing stages: (1) extrusion of a fiber and (2) the
subsequent thermal and mechanical stretching of the fiber. A
diagram of a typical equipment line arrangement is shown in
Figure 3. The various process equipment used in the preparation of polypropylene fibers is described below.
EXTRUSION
The melting of the resin, sometimes termed as "plasticating",
is accomplished with a conventional thermoplastic extruder
equipped with a polyethylene-type metering screw having a minimum 4:1 compression ratio and a metering zone no less than
four flights in length. An extruder barrel with a length-todiameter ratio of 24:1 is preferred since polypropylene requires higher extrusion temperatures than most other thermoplastic resins.
In the head of the extruder is positioned a wire cloth
screen pack to preclude foreign particles from impregnating the

Figure3TypcalLinDgrmfotheExusinofPlypreMonfilamts.(R-28)

12
extruded fibers. Since highly oriented fibers such as polypropylene are sensitive to contamination breakage, this screening is expedient. Following the screen pack, a pressure
control valve is generally installed (immediately upstream of
the die) to compensate for variations in polymer throughputs
at a given screw speed, which may result from varying polymer
melt viscosity or barrel temperature profiles. This pressure
control is best obtained at the 90 0 bend of the polymer flow
stream inherent in monofilament die heads; the die head is
essentially the transition section of the extrusion line which
conveys the extruded melt to the die.
Attached to the downstream side of the die head is mounted
the die containing the capillaries through which the molten
polymer is forced into fibers. The melt temperature and pressure are monitored at the entrance to the die by thermocouples
and pressure gauges, or preferably, pressure transducers. The
extrusion die is the most important single part of the monofilament operation and requires careful design, machining, and
maintenance. Filament irregularities which can be attributed
to deficiencies at the die include (1) end-to-end fiber
diameter variation, (2) surface flaws, (3) flow pulsation
and attendant diameter variations in the fiber produced, and
(4) excessive fiber waviness in the quench bath.
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DRAW-ON,QUECHIGADRYN
Between the die exit and the pull-out rolls (first Godet
station), the extruded fibers are pre-drawn, water quenched,
separated into an orderly arrangement, and dried of adhering
surface moisture.
The pre-draw or draw-down is a decrease in fiber diameter
which occurs as the molten polymer emerges from the die; the
diameter of this unoriented fiber is approximately 50% of the
die hole diameter. The operational variables controlling the
uniformity of draw-down are polymer throughput and filament
velocity just prior to the quench bath. Upon solidification
of the fiber in the quench bath, draw-down is complete.
Fast quenching retards crystal growth and results in an
amorphous fiber composed of a large number of small crystallites; this type of fiber excels in toughness and flexibility.
Quenching at higher bath temperatures promotes crystal growth
resulting in a more crystalline fiber which exhibits superior
strength and rigidity.
The quenched fibers are drawn around an adjustable guide
assembly located in the quench bath and over another set of
guide bars positioned at the exit of the bath which serves to
maintain an orderly arrangement of the fibers. Upon exit from
the bath, an air jet is directed at the "tow" to surface dry

114
the fibers. Removal of this moisture is of prime importance
as uneven heating will result in the fiber orientation section.
ORIENTATION, RELAXATION, AND WIND-UP
The fibers then pass into the orientation or draw stages
which impart thermal and mechanical treatments to the fibers.
Initially the temperature of the fibers is raised by an orientation oven in preparation of the all-important stretching of
the fibers. This step is the most important single operation
in the manufacture of fibers relative to the properties exhibited by the fibers. The stretching of the fibers is effected by high speed draw rolls driven by powerful motors;
the ratio of the speed of the pull rolls and the draw rolls is
the draw ratio. The higher the draw ratio, the more orientation imparted to the fibers.
In order to minimize shrinkage, by relieving residual
stresses, the fibers are then permitted to relax and become
heat-set by passing through another oven. The heat-set temperature must be higher than the end use of the fibers to be
effective in preventing shrinkage. The last set of rolls
which pulls the fibers through the relax oven is driven at a
speed slightly lower than that of the draw rolls. The individual fibers in the "taw" are then wound upon a spindle in
the wind-up station. This wind-up unit is generally synchronized with the speed of the other rolls to maintain uniform
winding.

15
III. INFLUENCE OF FIBER PROCESSING CONDITIONS
ON THE STRUCTURAL AND PHYSICAL PROPERTIES
OF POLYPROPYLENE FILAMENTS
The properties of polypropylene fiber are dependent upon
the structural characteristics of the macromolecules comprising
the polymer; in turn, these macromolecules are significantly
affected by (1) polymer properties prior to extrusion, and
(2) processing conditions of fiber formation.
The pertinent structural characteristics of a polymer include molecular weight, average molecular weight (distribution),
crystalline structure, crystallinity, orientation and terminal
end groups. The significant manufacturing conditions are extrusion temperature, draw ratios, annealing time and temperature, and quenching time and temperature. Whereas the crystallinity and orientation are affected by quenching, drawing, and
annealing conditions, the extrusion conditions affect the
crystallinity, orientation, and molecular-weight distribution.
GENERAL CONSIDERATIONS OF CRYSTALLINITY, ORIENTATION
AND MOLECULAR WEIGHT OF FIBERS
One of the most important polymer characteristics with
respect to determining the chemical and physical properties of
fibers is crystallinity. All fibers consist of macromolecules
which have extremely long lengths relative to their diameters.
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Only those fiber crystals containing macromolecules which are
sterically and chemically regular ("ordered-arrangement") exhibit any appreciable degree of crystallinity; the larger the
crystalline areas in the polymer, the higher the degree of
crystallinity. In turn, the crystals can also be arranged in
a well-ordered geometry with respect to the fiber axis, an arrangement which results upon the longitudinal stretching of
the fiber during manufacture. This ordered alignment of the
polymer crystals along the fiber axis is a measure of orientation. Table 3 qualitatively presents the contributions of
the amorphous and crystalline areas to the characteristics of
a fiber. The table relates that strength, stability, and
stiffness of a fiber are attributed to the crystalline area
while the amorphous region is responsible for the fiber
workability characteristics.
Another parameter which exerts a strong influence on the
properties of fibers is the molecular weight of the polymer.
Characteristics of high molecular weight materials are long
molecular chains which are comprised of many crystals. This
is in contrast with the large number of complete molecules
within the crystals of low molecular weight substances. As a
result of this crystal-binding action, high molecular weight
fibers exhibit good mechanical properties.
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TABLE 3
Contributions of the Crystalline and Amorphous Areas to
the Characteristics of Fibers

Crystalline Areas

Amorphous Areas

Stiffness

Plasticity

Moisture stability

Absorbency

Temperature stability

Formability

Dimensional stability

Dyeability

Network strength

Toughness

Reference:

32
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INFLUENCE OF FIBER PROCESS CONDITIONS ON THE STRUCTURAL
CHARACTERISTICS OF POLYPROPYLENE FIBERS
Crystallinity
Effect of polymer melt temperature on crystallization
rate. Crystallization of a polymer is the result of two
processes: (1) nuclei nucleation, and (2) nuclei growth.
Both the rate of nucleation and growth processes are dependent
upon the crystallization temperature as well as the temperature
and duration of the molten polymer state. Figure 4 illustrates the dependence of rate of crystallization with the
crystallization temperature for molten polypropylene at 200 0 0
and 240 ° C. The investigators used the reciprocal value of
the time required to attain one-half of the equilibrium crystallinity as a measure of crystallization speed. The plot
shows that crystallization rate decreases sharply with increased crystallization temperature. As expected, the molecular weight of the polymer influences the rate of crystallization; this influence is manifested by a slight increase in the
rate with decreasing molecular weight polymers as shown in
Figure 5.
The dependence of crystallization speed of three different molecular weight polypropylenes as a function of the molten
polymer temperature is shown in Figure 6. The polypropylene
melts were maintained for one hour at the crystallization
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temperature of 140 ° C. The plot shows that the rate of crystallization decreases as the melt temperature is increased to
about 220 ° C; the crystallization rate is unaffected by further
increase in temperature. This plot also illustrates the decrease in crystallization rate with increased polymer molecular weight; when the temperature is constant, the rate of
crystallization depends on molecular weight as well as any
foreign substances added to the polymer such as stabilizers.
Effect of quench temperature on the crystalline

structure

of polypropylene fibers. In addition to the effect of spinning temperature on crystallization as described above, crystallinity is also significantly influenced by the temperature
and rate of fiber cooling after extrusion, i.e., the quenching
conditions. Polypropylene fibers quenched immediately after
extrusion at a low bath temperature results in the formation
of the amorphous "smetic" type of polypropylene, a supercooled
paracrystalline structure with a low crystallinity level; in
contrast, quenching at a high bath temperature or further downstream of the die (slow cooling) promotes crystal growth which
results in fibers with much higher crystallinity comparative
to the "smetic" structure.
Quantitative data on the relationships between structure
and crystallinity are shown in Table 4 for fibers quenched in
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air and in water. The fibers were spun from "Pro-fax" polypropylene polymers under two sets of extrusion conditions, "Aft
and "C" as described below:
Method A
The polymer was extruded at 280° C before which
no attempt was made to remove the air from the
polymer or extrusion pot.
Method C
The fibers were extruded at 235 °C with a minimum
exposure to air; the polymer and extrusion pot
were air-evacuated (from 5 to 10 mm Hg) prior
to the extrusion of the fibers.
The table shows that the water bath produces the amorphous
structure while an air quench yields the crystalline form.
The highest crystallinity of the air quenched fibers prepared
via method C (62%) is the result of the minimum difference
between the extruded fiber temperature and the quench temperature; the crystallinity is lowered to 54% for the air quenched,
method A fibers extruded at 280 °C. The lowest crystallinity
of 44 to 1j5% is obtained with method C fibers quenched in
water (fastest quench).
It should be repeated here that the X-ray diffraction
pattern of the "smetic" form, although typical of amorphous
polymers having low crystallinities, is not identical to the
atactic polypropylene structure as shown in Figure 2. Upon
heat treatment, this "smetic" form is converted into the
stable monoclinic structure, a factor of great importance in
the preparation of high-tenacity polypropylene fibers as will
be discussed in a subsequent section.

TABLE 4
Physical Properties of Polypropylene Filaments Prepared by
Extrusion Methods A and C and Quenched under Different Conditionsa.

Quenching conditions

Crystalline
structure

Crystallinity
of undrawn
filaments, %

Extrusion Method A,
melt temperature - 280 ° C
Water bath, 50 °C

Unoriented
Paracrystalline

44

Air, 20 ° C

Slightly oriented
Crystalline

54

Water bath, 10 ° C

Unoriented
Paracrystalline

45

Air, 20 ° C

Slightly oriented
Crystalline

62

Extrusion Method C,
melt temperature - 235 ° C

a

Above fibers were prepared from Polymer #6723 (Molecular
Weight of 350,000 to 470,000) from the Hercules Powder Company.

Reference: 34
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Effect of fiber draw rate and draw temperature on crystallinity. In addition to the above influence of polymer melt
and fiber quench temperatures upon crystallinity, fiber draw
ratio and draw temperature are other variables which significantly affect the crystallization of polypropylene fiber. Although the primary purpose of fiber draw is to orient the
crystallites of the polymer, the stretching operation also decreases the crystallinity of polypropylene fibers as shown in
Figure 7. As expected, the decrease in crystallinity upon
fiber draw is less at higher draw temperatures because the
oriented chains tend to crystallize; this relation is also
shown in Figure 7. At high draw ratios of about 25:1, a
balance between the changes in crystallinity as effected by
fiber draw (decrease) and temperature (increase) is reached
as shown in Figure 8.
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Molecular Weight
Some of the relationships between extrusion conditions
and fiber molecular weight have been investigated by the
Southern Research Institute. The variation of fiber molecular
weight and molecular weight distribution of polypropylene
filaments as found in this study is presented in Table 5. The
fibers were spun under two sets of extrusion conditions, "A"
and "C", as described in the previous section.
The molecular weight of the polymers studied ranged from
245,000 to 470,000 as calculated from intrinsic viscosities of
the polymers in decalin; the ratio of the weight-average molecular weight to the number-average molecular weight, M W/MN, as
reported by the polymer manufacturer, was 10.0. From the tabulated data of Table 5, extrusion in the presence of air (method
A) results in a 70 to 77% reduction in polymer weight-average
molecular weight, while in sharp contrast, the decrease is
only 3 to 16% for air-free extrusions. Because of the low
thermal degradation of the polymers extruded under method C,
the molecular weight distribution of the filaments decreased
slightly (8.5 to 9.3) from the original value of 10.0. Filaments prepared by extrusion method A suffered extensive thermal
degradation as evidenced by the narrow molecular weight distribution range of 2.1 to 3.5.
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TABLE 5
Effects of Extrusion Conditions on the Molecular Weight
and Range of the Molecular Weight Distribution of the
Polypropylenes Tested.

Polymer

Extrusion
method

Molecular Weight, 2:
polymer
filament

Range of fiber
molecular weight
distribution,
(M/1) b

6323

A
C

245,000

67,000
225,000

2.5
9.1

6423

A

285,000

78,000

2.1

305,000

88,000

2.1

315,000

92, 000
305,000

3.5
9.3

470,000

110,000
405,000

2.1
8.5

A

6523
6623
6723

A
C
A
C

aThe molecular weights were determined from intrinsic viscosities of the materials in decalin.
1.25
bMW/M n = 10 ([η]/[η]0)
, where [η]0 is the intrinsic
viscosity of the polymer before extrusion and [η] is the
intrinsic viscosity of the polymer after extrusion.
Reference: 34
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Orientation
In addition to exerting a strong influence on crystallinity, quench conditions, along with draw ratio, determine the
degree of fiber orientation. Under conditions of slow cooling,
orientation occurs that is parallel to both the fiber and to
the direction of extrusion resulting in a cross-linked fiber.
Slight orientation of the chains parallel to the drawing
direction occurs only upon fast quench conditions. By proper
selection and control of extrusion temperature, quench time
and temperature, and draw conditions, a wide range of orientation and crystallinity in polypropylene fibers may be obtained.
Fibers extruded under process conditions which yield a
crystalline structure (slow quench) are much more resistant to
orientation comparative to fibers with the "smetic" amorphous
structure at equal temperatures and drawing rates; the ease of
stretching the amorphous structure is attributed to the greater
mobility of the macromolecules in this form of polypropylene.
This relationship of orientation and crystallinity levels is
shown by Figure 9, which presents the maximum draw ratio as a
function of orientation for the amorphous and crystalline
types of polypropylene fiber. The investigators calculated
the degree of fiber orientation by the equation: f = 1/2(3 cos 2
θ -1), where θ is the angle between the axis of molecules and
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the direction of stretching; the degree of orientation is inversely proportional to the angle, i.e., the higher "f" values
represent lower orientation. These plots show that, over the
range of draw ratios investigated, the degree of orientation
for a given maximum draw ratio is about 3 to 4 times greater
in the amorphous structure relative to the crystalline sample.
The data of another investigation which explored the effects of high draw ratios (up to 50:1) on the degree of orientation are presented in Figure 10. In this plot the degree of
orientation is expressed in terms of the half-mean width of
the diffraction ring of the X-ray pattern on the 110 plane; as
above, the smaller angles represent higher degrees of orientation. These results agree with those of Figure 9 discussed
above in that the "smetic" amorphous structure orients more
rapidly than the crystalline type fiber; in addition, Figure 10
shows that both structural types become completely oriented at
a total draw ratio of about 25:1*
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EFFECTS OF POLYMER STRUCTURAL PARAMETERS
AND FIBER PROCESS CONDITIONS ON THE
PHYSICAL PROPERTIES OF POLYPROPYLENE FIBERS
Relationships among crystallinity, orientation, and properties
of polypropylene fibers
As mentioned previously, the crystallinity level of an
extruded polypropylene fiber is highly dependent on the quench
history of the molten polymer; in turn, the subsequent orientation of these fibers is inversely related to the imparted
degree of crystallinity. Consequently, the supercooled, low
crystalline structure of polypropylene is most easily oriented.
Since fiber tenacity increases with fiber orientation, the
amorphous forms of polypropylene show higher tensile strengths
than the more crystalline modifications at practical levels of
drawing ratios; this variation of tenacity with orientation
for both the amorphous and monoclinic polypropylene fiber
structures is shown in Figure 11. As seen from these plots,
fiber tenacities are about 9 gm/den and 6 gm/den for the amorphous and crystalline samples, respectively, over the range of
orientation investigated. (The cross-sectional degree of orientation in Figure 11 was calculated with the equation: f =
(3 cost 8 -1), as described above.) As indicated by Figure 10
discussed earlier, at sufficiently high draw ratios (above 25),
the orientation of polypropylene fibers becomes independent of
the polymer crystalline structure. Consequently, at these
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extraordinary draw ratios, the tenacities of drawn polypropylene fibers are independent of the crystallinity of the undrawn filaments.
The inter-relationship among crystallinity, orientation,
and fiber tensile strength is further illustrated by Figure 12
which presents data from two separate investigations. Plot B
of the figure shows that as the crystallinity decreases from
about 60% to 40%, the tenacity increases from 1 gm/den to
about 6 gm/den; below 40%, crystallinity exerts no further influence ow the tenacity. Cappuccio et al did not investigate
the effect of crystallinity below 140%, consequently, they did
not observe the independent phase of tenacity and crystallinity
(plot A).
The crystallinity of a polymer extends its influence on
the properties of a fiber to include permeability of liquids
also. The solvent penetration suffered by partially crystalline materials occurs in the amorphous areas of the polymer
molecular structure. For applications requiring exposure to
severe chemicals, fibers of the highest crystallinity are
specified to minimize swelling or even deterioration. The
significance of permeability upon fiber properties will be
discussed in the section which treats the chemical resistance
of fibers.
The resistance to abrasion is a prime consideration in
determining the usefulness of fibers in the textile industry.

37
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The influence of crystallinity upon abrasion resistance is illustrated by the plot in Figure 13. The data were obtained by
abrading the fibers with a rotating carborundum cylinder until
rupture; the number of revolutions required to fracture the
fiber is plotted as a function of the ratio between the applied
load and the load to rupture. The plot shows that a significant increase of abrasion resistance results with increased
crystallinity.
Effect of polymer molecular weight on polypropylene fiber
properties
The effects of molecular weight on the properties of
polypropylene fibers have been investigated by the Eastman
Kodak Company and the Southern Research Institute. The information presented in this section is derived primarily from
these works.
In the study conducted by the Eastman Kodak Company,
polymer "flow rate" was utilized as a measure of molecular
weight, the relationship being inversely proportional, i.e.,
a high molecular weight material exhibits a low flow rate*
The values of flow rate used in this test were based on the
weight of polymer flow, in grams, for a ten-minute period at
a temperature of 230 ° C and a load of 2.16 kg. The various
molecular weight "Tenite" polypropylenes tested were types
4222, 4232, 4242, 4252, and 4262 which represent flow rates
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of 2.5) 4.51 9.0, 18.0, and 35.0 grams per ten minutes, respectively. The relationship between polypropylene molecular
weight and flow rate as determined under the above extrusion
conditions is illustrated in Figure 114.
The fiber process conditions are tabulated in Table 6
for the various flow rate polypropylenes tested. Screw speed,
quench bath temperature, and draw ratio were held constant for
all tests while melt and draw temperatures were altered as
necessary to maintain the specified draw ratio for each type
of flow rate material.
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TABLE 6
Polypropylene Fiber Processing Conditions for Eastman Kodak Study
Formula number
Melt temperature range, °F
Orientation temperature, °F
Orientation draw ratio
Denier, grams/9000 m

Reference: 11

4222

4232

4242

4252

4262

428-536

410-572

392-536

374-590

356-500

325

300

300

275

275

11:1

11:1

11:1

11:1

11:1

360

460

430

510

440
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The variation of the following properties were investigated:
denier, Uster evenness, tenacity, elongation, modulus, elastic
recovery, hot water and hot oven shrinkage, and filament shape.
It should be noted that all elongation and tenacity data were
obtained on an Instron tensile machine. The measurement of
fiber properties is markedly influenced by the testing equipment used, the values obtained on an Instron tensile machine
being consistently lower comparative to those recorded on
other tensile testers.
'Denier
At the same spinning conditions, fiber denier increases
with increasing flow rate polymers; this effect is the
result of the reduction of polymer viscosity in the
higher flow rate polypropylenes.
Uster Evenness
The insignificant variation in filament size as measured
by an Uster Evenness Tester indicates that this fiber
property is not affected by polymer molecular weight but
is highly dependent upon processing conditions.
Tenacity - Elongation - Modulus
These properties represent, respectively, fiber strength,
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increase in length, and rigidity. The relation of these
properties with flow rate is plotted in Figure 15, which
shows that these properties decrease as the flow rate increases. The low flow rate materials, corresponding to
the highest molecular weight polymers, form the strongest
and most rigid fibers.
Elastic Recovery
The elastic recovery of a fiber is the degree of its
original length a fiber recovers after removal of a load
which caused a specified elongation. In addition to the
amount of extension, the relaxation time - the time allowed for the fiber to recover from the applied load must also be specified. In this test the fibers were
extended 4% and 8% with a relaxation of one minute. The
fibers subjected to 4% extension show complete recovery
of their original length for the high and low flow rate
materials tested. However, at the higher percent elongation, the recovery properties of the fiber are dependent
upon the flow rate of the material as shown in Figure 16.
Only the fibers prepared from the lowest flow rate material
(2.5 g/10 min) exhibit 100% recovery of their original
length after an 8% elongation. The non-elasticity of the
lower molecular weight fibers after an 8% elongation is
illustrated in the plot by the failure of these fibers to
recover 100 per cent of their original length.
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Hot-oven and Hot-water Shrinkage
The variation of hot-oven and hot-water shrinkage with
flow rate is presented in Figure 17. These plots illustrate that fibers prepared from higher molecular
weight polymers are more resistant to thermal shrinkage
than low molecular weight fibers. This property is attributed to the proximity of the draw temperature used
for these fibers to the hot-oven and hot-water test
temperatures; these draw temperatures impart a "heatset" to the fibers which is destroyed only by subsequent
exposure to temperatures considerably higher than this
draw temperature. To maintain the constant draw ratio
for all the fibers tested, the draw temperatures used
for the higher flow materials were necessarily lower
which accounts for their lower thermal stability.
Filament Shape
Polymer flow rate and melt temperature effects upon the
shape of polypropylene fibers were found to be interrelated. Round, uniform fibers are prepared from high
flow materials over the range of melt temperatures employed, while fibers extruded from low flow polymers are
oval-shaped. Fibers extruded from the intermediate molecular weight polymers at high melt temperatures are round
which changed to oval-shaped fibers with low temperature
melts.
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Additional effects of molecular weight on the tensile
properties of isotactic polypropylene fibers have been reported
by the Southern Research Institute; the fibers tested were prepared from "Pro-fax" polymers with the designation, molecular
weight, and melt-index as shown in Table 7. The relationships
between molecular weight and polypropylene fiber properties as
developed from this study are discussed below.
Figure 18 shows the effect of molecular weight on the
variation of tenacity with total draw ratio. The tenacity increases slowly at low draw ratios (3 to 6), then increases
sharply as the draw is raised from 7 to 40. In addition, a
family of similar curves is generated which shows that the
tenacity increases as the molecular weight of the filaments
is increased from 67,000 to 405,000.
The variation of rupture elongation, modulus, and density
with draw ratio for different molecular weight polypropylene
fibers is shown in Figure 19 as plots (a), (b), and (c), respectively; the draw ratio, modulus, and rupture elongation are
plotted on logarithm coordinates while the density is shown on
a cartesian scale. Plots (a) and (b) show linear relationships between rupture elongation and modulus with draw ratio
that are independent of fiber molecular weight; fiber density
is independent of draw ratio up to a value of 15 to 20; higher

5o
TABLE 7
Properties of Isotactic Polypropylenes
Tested by the Southern Research Institute
Polymer
Molecular weight, Mw
Determined by
light scatteringa

Determined
in tetralinb

Melt index,
g/10 min

6323

250,000

245,000

9.37

6423

290,000

285,000

7.89

6523

305,000

305000

3.58

6623

335,000

315,000

2.71

6723

355,000

470,000

0.61

Polymer

aMolecular weights as reported by the Hercules Powder Co., Manufacturer.
Molecular weights as measured by the Southern Research Institute.

Reference: 34
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draw ratios decrease the density to a minimum of about 0.8700
gm/cc at a draw ratio of 50:1. Similar to curves (a) and (b),
plot (c) shows that density is also independent of fiber molecular weight. Sheehan and Cole 34 attribute this density decrease to: (1) an attendant decrease in crystallinity with
draw ratio as shown earlier in Figure 8, and (2) the formation
of voids in the fiber upon drawing as reported by Wyckoff".
Figure 20 contains two plots which show the relationships
among tenacity, modulus, and rupture elongation for fibers with
molecular weight ranges of 67,000 to 110,000 and 225,000 to
405,000. The rupture elongation decreases and the modulus increases as the fiber tenacity is increased. The effect of
molecular weight on these fiber properties is manifested by
an increase in rupture elongation and a decrease in modulus
(at a specified tenacity value) as the molecular weight is
increased from the lower to the upper molecular weight range.
Figure 21 presents the maximum draw ratio of both the
crystalline (monoclinic) and amorphous "smetic" structures of
polypropylene fibers as a function of fiber molecular weight.
The amorphous form exhibits a sharp increase in permissible
draw ratio from 35:1 to 50:1 with a very slight increase in
molecular weight - 75,000 to 140,000; the maximum draw ratio
decreases rapidly as the molecular weight is increased further,
reaching a value of about 15:1 at a molecular weight of 400,000.
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Though similar to the amorphous curve, the maximum draw ratio
of the crystalline form is relatively lower for a given molecular weight value. This plot evidences the ease of drawing the
amorphous structure comparative to the monoclinic form as discussed previously; this increased drawing in turn produces
high-tenacity polypropylene fibers.
Relationships Between Fiber Formation Conditions and Polypropylene Fiber Properties
Extrusion conditions
Effect of polymer viscosity characteristics on fiber
uniformity. The extrusion thermal requirements for any thermoplastic material are dictated by the flow behavior or viscosity
characteristics of the polymer. This relationship of viscosity
as a function of temperature is shown in Figure 22 for both
polypropylene and polyethylene terephthalate at a common
velocity gradient of 1 x 10-2 sec -1 . The curves show that
high temperatures are required to obtain a fluidity in polypropylene comparable to that of polyethylene terephthalate;
even at temperatures above the melting point, the viscosity of
polypropylene remains at relatively high values. The effect
of viscosity on polypropylene fiber properties is manifested
by the uniformity of the extruded fiber; two undesirable phenomena of fiber uniformity related to polymer viscosity characteristics are swelling and irregularities which are discussed
below.
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Swelling
In general, the jet of a polymer melt emerging from a
capillary (such as a fiber spinneret) swells to a diameter
larger than the hole diameter. Polypropylene undergoes
such swelling to an extent that is considerable even when
the fiber is stressed as during the stretching stage of
manufacture. The profile of this swelling is shown in
Figure 23. In addition to extrusion temperature and
polymer characteristics, Cappuccio and others 3 have shown
that this swelling is influenced by the feed rate, spinneret nozzle diameter, D o , and the ratio of the length to
the diameter of the nozzle, L/D o . These relations are
shown in Figures 24, 25, and 26, where swelling has been
defined as the square of the ratio of the maximum diameter
of the undrawn filament, D, and the nozzle diameter, D o ,
As may be expected, polymer fiber swelling increases with
melt viscosity and decreases at higher melt temperatures.
Table 8 presents quantitative data on the effects of
temperature and viscosity on swelling of polypropylene
fiber; polymer feed rate and nozzle dimensions were unchanged during the tests. The practical aspect of this
swelling phenomenon is found in the difficulty in attaining uniformity during the manufacture of very fine
fibers.
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TABLE 8
Influence of the Temperature and Viscosity
on Polypropylene Fiber Swelling, (D/Do)2.
Intrinsic viscosity,
deciliter/gramram

190

Temperature. ° C
—HT—
230

1.27

2.8

1.5

1.3

1.90

4.2

2.8

2.1

Polymer feed rate - 0.5 g/min
Spinneret nozzle diameter - 0.8 mm
Length of the spinneret nozzle - 16 mm

Reference: 3
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Irregularities
Comparative to the swelling characteristic discussed
above, fiber uniformity is influenced more by another
phenomenon which occurs at flow rates or shearing stresses
that exceed certain critical limits. This latter occurrence, sometimes referred to as "melt fracture", results
in fiber irregularities which are manifested by a transformation of the extruded filament from a cylindrical to
a spiral shape, the degree of deformation depending on
the applied stress. Figure 27 illustrates these fiber
irregularities. It is reported that within a temperature
range of 200-300° C and a polymer intrinsic viscosity of
1-3 g/deciliter, polypropylene exhibits these irregularities over the shear stress range of 0.8 to 1.2 x io 6
dynes/cm2 .
From the above analysis, it is seen that fiber deformation
occuring as the result of "melt fracture" is minimized by
higher melt temperatures, lower polymer intrinsic viscosity, and increased nozzle diameter on the spinneret.
Although these irregularities impose limits on the maximum permissible flow rates, alteration of the above processing conditions offer means of raising these limits.
For example, since flow rate is proportional to the cube
of nozzle diameter, this variable is most often selected
when higher outputs are required.
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Degradation effects of air and heat on polypropylene
fiber properties. The influence of extrusion conditions upon
the physical properties of polypropylene filament has recently
been investigated by the Southern Research Institute; additional,
more limited, data on the effects of process conditions on the
properties of polypropylene have been developed by the Eastman
Kodak Company. The background information on the type polymers
investigated by the Southern Research Institute was presented
in Table 7. In the Eastman Kodak Study, the polymer tested
was a "Tenite" polypropylene #4221 which is a high molecular
weight material (about 340,000) with a flow rate of 2.5 gm/10
minutes at 230 ° C and 2.16 kg load.
The combined degradation effects of air and temperature
on molten polypropylene have been assessed by molecular weight
and tenacity measurements on fibers extruded under the following conditions:
(1) Method A in which no attempt was made to remove
ambient air; extrusion temperature was 280 ° C.
(2) Method C in which the polymer and spinning pot
were evacuated prior to extrusion at 235 ° C.
The data of the above tests are shown tabulated in Table 9
and graphically by Figure 28; Figure 28 is a plot of the
variation of tenacity with molecular weight for fibers produced under Methods A and C described above. Table 9 shows
that during the extrusion of type A fibers, a polymer
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TABU: 9
Effect of Extrusion Conditions on the Molecular Weight
and Tenacity of Polypropylene Fibers

Polymer

Extrusion
method

6323

A

6423

Molecular weight, WWa
Polymer
Filament

Tenacity,
g/den

245,00

67,000
225,000

A

285,000

78,000

-

6523

A

305,000

88,000

---

6623

A
C

315,000

92,000
305,000

3.4
6.3

6723

A
C

470,000

110,000
405,000

3.5
8.1

C

3.2
4.8

aThe molecular weights were determined from intrinsic viscosities of
the materials in decalin.

Reference: 314

69
degradation results which causes a substantial decrease in
molecular weight. Figure 28 shows that this molecular weight
reduction is most detrimental in the preparation of hightenacity polypropylene fibers; the low molecular weight fibers
exhibit a maximum tenacity of 4-5 gms/den while the tenacity
for the high molecular weight fibers exceeds 9 gm/den.
Figure 29 presents data from the Eastman Kodak study
which show the effect of polymer melt temperature upon tenacity,
elongation, and heat-oven shrinkage at constant draw ratio
(8.8:1) and temperature (300 °F). The plots show that shrinkage
and elongation are not dependent on melt temperature while
tenacity is slightly adversely affected as the melt temperature is increased above 280 ° C.
The above data show that the serious degradation of
polypropylene must be attributed to the combined action of
oxidizing air and polymer melt temperature, or conversely,
low melt temperature alone is insufficient to assure hightenacity polypropylene fibers.
Filament Draw During Spinning
Based on earlier discussions on the beneficial effect of
high oven draw ratios on tenacity, one might anticipate even
higher tenacity fibers upon drawing the monofilament in the
molten state, i.e., prior to quenching. Actually the converse
of this relationship between polypropylene fiber tenacity and
spin draw occurs as shown by the data in Table 10. The effects
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TABLE 10
Relationship Between Tenacity of Polypropylene Fibers and Amount of Draw During Spinning. a
Tenacity and percent decrease in tenacity at total draw ratios of
-20-

-15-

-10-

Spin draw
ratio

Tenacity,
g/den

% Decrease
in tenacity
from control

Tenacity,
g/den

% Decrease
in tenacity
from control

3.1

4.9

control

7.7

control

9.3

6.2

2.3

53

3.8

51

4.9

47

9.3

1.9

61

3.0

61

3.9

58

Tenacity,
g/den

% Decrease
in tenacity
from control
control

a
The filaments were prepared from Polymer #6723 (Hercules Powder Company) by Extrusion Method C
and were quenched in a water bath at 50 °C. The filaments were drawn in a glycerine bath at 135 °C
and the drawn filaments were annealed for 15 minutes at 100 °C.
Reference: 34
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of various total draw ratios and spin draw ratios upon polypropylene fiber tenacity are given. The table shows a decrease
in fiber tenacity up to 61% as the spin draw ratio is increased
from 3.1 to 9.3 for a given total draw ratio.
Quench medium and temperature. The effects of quench
medium and temperature on tenacity for Method A and Method C prepared fibers are shown in Table 11; the detrimental effect
of the slow quench bath is attributed by Sheehan 314 to a partial
drawing of the fibers during spinning which, as discussed in
the preceding section, decreases fiber tenacity significantly.
Oven draw ratio. Figure 30 shows the increase in fiber
tenacity with increased draw ratio for annealed fibers prepared by spinning Method C; the maximum total draw ratio obtained in this study was only 22:1 which corresponded to a
tenacity of about 10 gm/den. Higher tenacity fibers were
prepared by drawing fibers conditioned in an oven at 130 to
135 ° C at draw ratios up to 34:1. Data obtained during these
high draw ratio tests on tenacity, rupture elongation, and
elastic modulus are presented in Table 12; at a draw ratio of
34:l, polypropylene fibers with tenacity values up to 13 gm/den
were prepared by the Southern Research Institute. In a similar
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TABLE 11
Tensile Properties of Polypropylene Filaments Prepared by
Extrusion Methods A and C and Quenched under Different
a
Conditions .

Quenching conditions

Tenacity of
drawn filaments,
g/den

Extrusion Method A,
melt temperature - 280 °C
Water bath, 50°C

6.5

Air, 200C

4.8

Extrusion Method C o
melt temperature - 235 °C

a

Water bath s 10°C

9.5

Air, 20°C

5.5

Above fibers were prepared from Polymer #6723 (Molecular
Weight of 350,000 to 470,000) from the Hercules Powder Company.

Reference: 34

EFfigeucrto30DawRintheTacyofPlprenFibsPrpaedyMthoC-AirEvacutonprexusion.(R-34)
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TABLE 12
Physical Properties of Polypropylene Filaments Drawn
Different Amounts in an Oven at 130 - 135 °Ca .
Properties of Drawn Fibers

a

Draw ratio,
total

denier

Tenacity,
g/den

Elongation
at break,%

Modulus,
g/den

29

20.6

11.5

23

88

32

19.1

11.5

24

94

33

17.6

12.4

17

106

34

18.1

13.1

18

110

The filaments were prepared from Polymer #6723 (Hercules Powder
Company) by spinning method C with a quench temperature of 10 °C.

Reference: 3L
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work, Cappuccio et. al. prepared polypropylene fibers with a
tenacity up to 15 gm/den by cold drawing the amorphous form
of polypropylene at high speeds. This effect on tenacity is
shown as a function of intrinsic viscosity in Figure 31.
Information on the variation of tenacity, rupture elongation, and elastic modulus at lower draw ratios, as developed
by Eastman Kodak, is shown in the plots of Figure 32; the
relative variation of the modulus and rupture elongation of the
two investigations is similar, however, the tenacity reacts quite
differently at the ranges of draw ratios studied. The lower
draw ratios, up to 13, produce a maximum in tenacity of about
7 gm/den, then the tensile strength decreases slowly as the draw
ratio is increased further. At the higher draw ratios of 29-34
(Southern Research Institute), the tenacity consistently increases from 11.5 to 13.1 gm/den.
The above information shows that tenacities of polypropylene fibers commercially available usually range from 6-8 gm/den
depending on the manufacturer. Research works have indicated
that much higher fiber tenacities - up to 15 gm/den - can be
prepared if desired.
Oven draw temperature. The effects of draw temperature,
varied from 120-200°C, upon fiber shrinkage, elongation, and
tenacity are shown in Figure 33; a constant draw ratio of 8.8:1

7 7

Figure3T1nactyofPlprenFibasuctonfheIriscVotyfhePlmr.(R-3)
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was maintained during the tests. The tenacity decreases slightly from 6.5 to 5.5 gm/den with increasing draw temperature up
to about 180 °0; above this temperature no further change in
tenacity occurs up to the maximum test value of 200°C. A slight
increase in elongation from 15% to 20% results with increasing
draw temperature over the range tested. The hot-oven shrinkage
of the fiber decreases uniformly from 15% to less than 5% as the
draw temperature increases up to 200 °C.
The Southern Research Institute investigated the interrelationship between fiber draw and oven draw temperature on the
properties of polypropylene fibers. As discussed earlier, hightenacity fibers are obtained by oven annealing the fibers to
permit high draw ratios. The effects of these oven conditions, in
relation to draw ratios, on the modulus, density, rupture elongation and tenacity are shown in Figure 34. The figure contains
data on fibers that were: (a) unannealed, (b) annealed at
1000c, and (c) annealed at 160°0. The plots of Figure 34 show
that:
(1) The modulus is unaffected by annealing conditions,
but increases with draw ratio.
(2)

Undrawn samples of (a) and (b) increase in density
as the draw ratio is raised to about 7; the density
of these samples is unaffected by further fiber draw.
The 160 °C annealed fibers exhibit a high density over
the entire draw ratio range.

Figure3 EfctoDrawTemptuonhHOveSrinkag,ElotandTeciyofPlprenMofilamts.(R-28)

Figure34 RlationshpBewtPhysicalropet fPlyropenFibsadAelngTmpratue.(R-34)
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(3) Annealing lowers the rupture elongation for both
undrawn and drawn fibers. The percent elongation
of the unannealed sample is slightly higher for
the undrawn filaments but coincided with fiber (b)
and (c) at high draw ratios.
(4) Both annealed fibers show comparable effects on
tenacity. The significance of this plot is that
oven annealing per se contributes very little to
fiber strength, but acts indirectly by permitting
a high draw ratio which, in turn, produces hightenacity fibers.
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IV. COMPARATIVE FIBER PHYSICAL PROPERTIES
The effects of polymer characteristics and processing
conditions as described in the preceding section are evidence of the various polypropylene fibers which can be
produced with a wide range of properties. By proper control
of the factors mentioned previously, a polypropylene fiber
with optimum properties for a particular application can be
specifically prepared. Such versatility in the properties
of polypropylene fiber accounts for variances in the physical
property data as reported by commercial manufacturers. The
following information presented in this section on the physical properties of fibers has been generated by various
investigators, each reporting on the physical behavior of
a particularly-prepared fiber. Although slight discrepancies
may be noted, the data are adequate to permit a comparative
analysis of the physical properties among the various fibers.
GENERAL PROPERTIES
Specific Gravity
The specific gravity of fibers determines the weight of
the corresponding finished goods; from the standpoints of
comfort (clothes) and ease of handling (tow ropes), a strong,
light-weight fiber is most desirable. Further, a lower density
fiber affords appreciable cost savings in the extra yield per

pound of material. The fact that polypropylene enjoys these
advantages to the maximum relative to currently available
fibers is illustrated by Table 13. Table 13 lists comparative
fiber specific gravity as well as the equivalent poundage of
other fibers required to cover an area comparable to that
covered by polypropylene. The significance of this lowest
specific gravity fiber is realized by the greater surface
and volume of finished products per unit weight obtained from
polypropylene fibers.
Thermal Conductivity
Another outstanding property of polypropylene fiber is
its thermal conductivity which is the lowest of all fibers,
a distinction previously held by wool. This characteristic
makes polypropylene the best choice, relative to other available fibers, for insulating applications, such as cold-resistant
clothes. Table 11 presents the heat conductivity of several
materials relative to air.
Electrical Properties
The electrical characteristics of polypropylene are
presented in Tables 15, 16, and 17:
Table 15 shows the effect of dyes and temperature on
the volume resistivity, dielectric constant, and power
factor.
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TABLE 13
Relative Covering Power and Specific Gravity of
Various Fibers.

Fiber

Relative coverage
power, lbs.

Specific
Gravity

Polypropylene

1.00

.90-.92

Cotton

1.71

1.50-1.55

Wool

1.46

1.30-1.32

Viscose Rayon

1.70

1.52

Acetate

1.47

1.32

Nylon 6, 66

1.26

1 . 114.

Orlon Acrylic

1.30

1.14-1.17

Dacron

1.53

1.38-1.39

Dynel

1.44

1.30

Saran

1.88

1.72

Glass Fiber

2.82

2.54

Reference: 6,23
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TABLE 1L
Thermal Conductivity of Various Fibers Relative
to Air.

Heat conductivity,
relative to air

Material

1.0

Air
Polypren

Reference: 6

6.0

Wool

6.4

Acetate

8.6

Viscose

11.0

Cotton

17.0

TABLE 15
Effect of Dyes and Temperature on the Electrical Properties of Polypropylene Monofilaments.

Monofilament
Color

Volume
Resistivity
at 30°C
ohm-cm

Normal

5 x 1015

Red

1 x 1015

Yellow

1 x 10

Green

3 x 1015

Blue

1 x 10

Black

2.5 x 1015

Reference:

15

15

Volume
Resistivity
at 130°C
ohm-cm

Dielectric
Constant
1 KC, 25°C

9 x 1012

2.10

2.06

2.10

2.04

2.10

2.05

2.10

2.05

8 x 1012
6 x 1015
1 x 10

12

5 x 10
8 x 1012

12.10

Dielectric
Constant
1 KC, 70°C

2.03
2.12

2.06

Power
Factor
1 KC, 25 °C

Power
Factor
1 KC, 70°C

3 x 10-4

3 x 10-4

12 x 10-4
6 x 10-4
7 x 10-4
4 x 10
5 x 10

17
8 x 10-4
-4

4 x 10 1 x 10-3
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Table 16 contains the variation of the dielectric constant and power factor with frequency.
Table 17 compares the electrical properties of polypropylene with other thermoplastic materials at the
conditions of 1 mc, 64% relative humidity, and 23 °C.
From Table 15 it is seen that as the temperature increases
from 30 to 130 °C, the volume resistivity of polypropylene decreases by a factor of about 10 3 ; colored fiber has little affect
on the resistance. The dielectric constant increases with the
addition of black pigment, and decreases with higher temperatures.
The power factor of pigmented polypropylene fiber increases with
higher temperatures and is essentially independent of the dyes
except for red which imparts a four-fold increase relative to
normal polypropylene at 25 °C.
Table 16 shows that the power factor increases by a factor
of three upon increasing the frequency from 60 cps to =ceps;
the power factor decreases to its original value upon further
increase in frequency to one mops. The dielectric constant
undergoes no significant change with frequency.
The data in Table 17 show that polypropylene compares favorably in electrical characteristics with other competitive materials.
In summary, polypropylene can be considered as a very good insulator
with exceptionally low power loss even at radio frequencies.
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TABLE 16
Variation of the Dielectric Constant and Power Factor with
Frequency for Natural-Colored Polypropylene. a

Frequency,
cycles/sec

2.26

60
2 x 10

Dielectric
constant

2

2.26

105

2.25

6

2.25

a
Measured at 23 ° C and 50% R.H.

References: 12,38

5 x 10 -4

2.26

10 4

10

Power
factor

1.3 x 10-3

5 x 10 -4
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TABLE 17
Electrical Properties of Various Thermoplastics.

Material

Dielectric
Constant at
1 megacycle

Power
factor at
1 megacycle

Dielectric
strength
(volts/mil)

Polypropylene

2.2

0.0005

500

Polyethylene

2.2

0.0005

500

Polystyrene

2.4

0.0001

500

Nylon

3.5

0.03

400

"Saran"

3.0

0.05

350

"Teflon"

2.0

0.003

500

Reference: 1
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VISCOELASTIC BEHAVIOR
General Considerations
The elongation of polymeric materials such as plastics,
rubbers, and elastomers is not linearly proportional to an
applied load, i. e., Hooke's law (strain or elongation is
proportional to the stress or load) is not followed. These
materials which do not conform to a simple linear relationship between load and elongation are termed as "viscoelastic"
or non-Newtonian. Under load, viscoelastic materials manifest periods of both perfect elasticity as well as permanent
deformation. This characteristic becomes evident upon consideration of the stress-strain curves of these materials;
with respect to fibers, the stress is usually expressed in
terms of tenacity (gm/denier), and the strain in percent
elongation. Data on several important fiber tensile properties can be obtained from the shape of these curves: rupture
stress, rupture elongation, modulus of elasticity, yield
strain, and toughness, the latter representing the energy
required to rupture the fiber. A stress-strain diagram is
constructed by measuring the elongation which results upon
loading the fiber until rupture. The elastic response of
fibers to strain depends on: (1) temperature, (2) relative
humidity, and (3) rate of elongation, or time during which
the strain was applied. While the load-extension curves of
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the natural fibers such cotton, wool, and silk are predetermined, the synthetic fibers can be prepared with a wide
range of resistance to elongation which is mainly dependent
on the degree of orientation of the fiber molecules. This
orientation is controlled by the amount of stretch applied
to the fiber during manufacture.
Fiber Strength and Tenacity
The breaking strength of fibers can be expressed, as
with all engineering materials, in terms of load (pounds)
per unit area (inches); however, because the cross-sections
of fibers vary widely and are irregular in shape, fiber
strengths are generally based on strength per unit length.
This stress for fibers is usually expressed as grams/denier
where denier is by definition the weight in grams of 9000
meters of fiber.
The concept of tenacity (weight/length) compared to
strength (weight/area) requires only the measurement of
fiber length which is much simpler than that of fiber crosssectional area; the disadvantage of the use of tenacity is
its dependence upon fiber specific gravity, whereas strength
on a unit area basis is absolute. The relationship between
strength and tenacity is:
2) = 12,800 x specific gravity x tenacity
tensile strength
(gm/den)
(pounds per inch
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The following data show that in terms of fiber terminology
nylon is stronger than steel, but on an absolute basis, the
steel can withstand loads five times greater than the nylon:
Material

Tenacity
(0)

Tensile Strength
(psi)

nylon

9.0

100,000

steel

3.5

500,000

Comparative fiber tenacities, both dry and wet values,
are given in Table 18. The wet tenacity is expressed in
terms of percent of the dry tenacity. Since fibers are
generally converted into yarns, Table 19 presents supplemental data on the tenacity of various yarns. The information from these tables shows that: (1) the tenacities of
fiber and yarn prepared from polypropylene are comparable
to those of the more expensive nylon in the dry state, and
(2) in the wet condition, polypropylene fiber and yarn are
considerably stronger than any other textile material currently available. The wet and dry tenacities of polypropylene
are identical because water does not permeate the fiber. The
outstanding strength of polypropylene is further emphasized
by the fact that fibers with tenacities exceeding 10 gm/den
have been tested experimentally as mentioned earlier in this
report; such evidence accounts for the anticipation of a
significant increase in the strength of commercial polypropylene fiber in the near future.
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TABLE 18
Wet and Dry Tenacities for Various Fibers.

Fiber

Dry Tenacity,
gm/den

Wet Tenacity,
% dry tenacity

Cotton, raw

3.0-4.9

100-110

Wool

1.0-1.7

76-97

Teflon fluorocarbon

1.7

100.0

Glass

6.0-7.3

65.0

Nylon 6, regular

4.5-5.8

91.3-95.5

Nylon 6, high tenacity

6.8-8.6

79.4-87.2

Nylon 66, regular

41.6-59

87-88

Nylon 66, high tenacity

5.9-9.2

86.4-85.8

Polyethylene, low density

0.5-2.0

100

Polyethylene, high density

4.5-8.0

100

Polypropylene

5.5-8.0

100

Polyvinyl alcohol

4.5-6.0

80.0-85.0

Dacron polyester, regular

4.4-5.0

100

Dacron polyester, high
tenacity

6.3-7.8

100

Steel

3.5

100

Reference: 23

95
TABLE 19
Tenacities of Various Yarns.

Yarn

Tenacity,
gm/den

Polypropylene

8.0-8.5

Nylon

7.0-8.8

Polyester

6-7

Cotton

1.5-2.0

Viscose Rayon

3.3-3.8

Polyethylene

4.5-6.0

Glass

6-7

Steel

3.5

References: 36,38
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Table 20 contains the variation of tenacity of polypropylene and polyethylene (high and low density types)
for the temperature range of 0-60 °°0. These data show that
the decrease in strength with temperature is much more
severe for polyethylene (8.4 to 2.5 g/den) relative to
polypropylene(8.0 to 5.1 g/den). Additional data are
presented in Figure 35 with plots of the tensile strength
expressed as tenacity retained upon thermal exposure for
polypropylene, polyethylene, and nylon fibers. As would
be expected from its higher melting point (250 °0), the
strength of nylon is less affected by thermal exposure
than polypropylene. Similarly, the heat resistance of
"Dacron" polyester and "Orlon" also exceeds that of polypropylene as illustrated by the heat-ageing data of Table
21.
The increased thermal resistance of polypropylene
fiber in the form of 840-denier yarn is shown in Figure
36; the tenacity was measured after a ten-minute exposure
time. Of interest in this plot is the retention of tenacity at exposure temperatures above the melting point of
the fiber (175 C).
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TABLE 20
Variation of Tenacity of Polyethylene and Polypropylene
over a temperature range of 0-60 °C.

Tenacity (g/den)
Temperature (°C)

Low-density
Polyethylene

High-density
Polyethylene

Polypropylene

0

1.7

8.4

8.0

20

1.2

6.1

6.5

11.0

0.95

4•0

5.4

60

0.6

2.5

5.1

Reference: 20

EfectolvadTemprtuonhSegtfVariousFbe.(R-16) Figure35
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TABLE 21
Percent Strength Loss of Various Fibers upon
Thermal Exposure.

Fiber

Exposure
time, day's

100° C

130°0

Polypropylene

0

20

5

Dacron

0
4

5
25

20
80

Orlon

0
0

9
45

20
80

Glass

0
0

0
0

20
80

Reference: 19

1 00
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Elastic Modulus
The ratio of the change in stress to the change in strain
within the elastic limits of a material is defined by ASTM as
Youngs Modulus. However, with regard to synthetic fibers, the
modulus is constant only for the initial portion of the linear
load-elongation diagram as a result of the viscoelastic behavior
of these organic materials. Consequently, the modulus of fibers
is based on an elongation at a rate equal to the initial slope
of the stress-strain curve. The replacement of pounds per square
inch with tenacity for units of stress, as required by fiber
nomenclature, gives the modulus in terms of grams/denier per
unit strain or simply as g/d.
Comparative data on the initial modulus of fiber elasticity are presented in Table 22; these data are based on a 1%
stretch which is a strain small enough to insure that the ratio
of stress to strain is constant. The table shows that the most
extensible fibers, such as wool and polyethylene, exhibit the
lowest moduli in the range of 25-30 g/den; the brittle materials,
such as polyesters, glass and steel, have the highest moduli
(about 300 g/den) because these fibers are unable to deform
under load. With a modulus of 80-100 g/den, polypropylene is
suitable for many applications because it is neither too stiff
nor too elastic; nylon is considered quite extensible with a
modulus of 45 g/den. The "ultimate" fiber is one that possesses
both the temperature resistance of graphite, ceramic, or metallic
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TABLE 22
Initial Modulus of Elasticity of Various Fibers.

Fiber

Modulus,
(grams per denier
per unit strain)

Steel

280

Glass

307

Manila

250

Cotton

55

Flax

200

Wool

25-30

Rayon

75-1-75

Polyester

130

Nylon

45

High-density Polyethylene

30

Polypropylene

80-100

Reference: 32
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substances and a modulus of about 100 g/den to permit sufficient
deformation under load,

e., is not brittle.

Whereas the elastic modulus of fibers is the ratio of load
to elongation based on the initial (linear) portion of the stressstrain diagram, a similar property of fibers - average stiffness is defined as the ratio of the breaking load and the elongation;
the ASTN designation for average or mean stiffness is "secant
modulus." Comparative data on mean stiffness (g/den) are presented in Table 23. The moderate elasticity of polypropylene,
25-39 g/den stiffness, further emphasizes the relative strength
of this material.
Stress-Strain Relationships
Fiber rupture elongation. The percent elongation (wet and
dry) to rupture various fibers under static conditions is contained in Table 23. In general, the strength and elongation of
fibers are inversely proportional: fibers such as glass and
steel are very strong, but brittle, and consequently do not
yield under load, while the weak fibers, such as wool, extend
easily. Tough and brittle fibers have breaking elongations in
the ranges of 35-40 and 3-10 respectively, expressed as percentages. On a dry basis, the moderate extension prior to
rupture classifies polypropylene as a tough fiber comparable
to the nylons. With regard to breaking elongations in the wet
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TABLE 23
Stiffness, Rupture Elongation, and Toughness of Fibers.

Average
Toughness
Percent
Breaking Elongation Stiffness
Index
gm-cm/
den-cm
Wet
(g/d)
Pa
Cotton, raw

3-7

60-70

0.15

Wool

25-35

25-50

4.5

0.35

Glass

3.4

2-4

177-215

0.11

15-45

0.5-0.7

Nylon 6, 66

20-40

20-4

Polyethylene,
low density

20-80

20-80

6-10

0.20

Polyethylene,
high density

10-20

10-20

22-80

0.40

Polypropylene

17-22

17-22

25-39

0.5-0.6

Polyester,
regular

14-25

19-25

18-36

0.3-0.6

Polyester,
high tenacity

10-14

10-14

45-78

0.3-0.4

8

8

44

0.14

Steel

References: 22, 23
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state, moisture acts as an internal plasticizer which promotes
fiber extensibility. Since most synthetic fibers are hydrophobic, the wet and dry breaking elongations are essentially
identical as exemplified by the polyolefins, polyesters, and
acrylics; the notable exception is nylon, which, due to molecular
polar groups, absorbs sufficient moisture to adversely affect
the breaking elongation.
Toughness. The "toughness" of a fiber is a measure of the
ability of the material to absorb energy. This energy absorption (or work done) is quantitatively determined by the area of
the load-elongation curve in accordance with the following
expression:
Toughness = 1/2 (breaking
(g/den)
loadx breaking elongation
(cm/cm))
Table 23 also presents relative toughness data for various
fibers. The low elongation of the strong fibers - steel and
glass - accounts for low energy absorption and the subsequent
failure of these materials when stressed. The weak fibers, such
as wool and branched polyethylene, are easily deformed and consequently, can absorb much energy; however, the very low breaking
load of these fibers is a serious handicap. The data show that
polypropylene ranks well with the toughest fibers of cotton,
nylon, and "Dacron" polyester; these tough fibers have energy
absorption values of about 0.5-0.7 g-cm/den-cm. The variation
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of fiber toughness as a function of strain rate is discussed in
a later section.
Loop and knot strengths. In general, the physical properties
of a fiber are essentially independent of the fiber diameter; two
notable exceptions are fiber loop and knot strengths. The loop
strength is the tensile load required to rupture two interlaced
fiber loops; the looping resistance is the ratio of this breaking
load of the looped fibers to twice the breaking load of the fiber
alone multiplied by 100. The knot strength is the tensile load
required to rupture a fiber looped into a simple overhand knot;
the knotting resistance is the ratio between the breaking load of
a fiber with the knot multiplied by 100 to the breaking load of
the unknotted fiber.
Upon elongation ) brittle fibers quickly develop concentrated
stresses which cannot be dissipated and tensile failure results.
Therefore, the brittle fibers, which have a high modulus of elasticity and high strength properties, possess poor loop and knot
strengths. In contrast, more extensible fibers with relatively
much higher rupture elongations than the brittle fibers are characterized by high loop and knot strengths; these latter properties
result from the fact that the elastic fibers can stretch under
stress, to an extent, rather than fail immediately.
The outstanding loop and knot strengths of polypropylene
are shown by the comparative data of Table 24; only polyethylene
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and the more expensive nylon exceed the loop strength of polypropylene, while with regard to knot strength, polypropylene
ranks second only to nylon. The variation of polypropylene knot
and loop strengths as a function of fiber diameter is given in
Figure 37; the influence of temperature on the knot strength of
"Herculon" monofilament is shown by Figure 38. These plots show
that: (1) the knot and loop strengths of polypropylene decrease
sharply with increasing fiber diameter, and (2) the knot strength
of polypropylene increases as fiber temperature decreases.
Variation of stress-strain properties with rate of strain
and temperature. To fully characterize the tensile properties
of a material, the stress-strain relationships must be determined at both static and high-speed loading rates. Highly
specialized apparatus and techniques are required to obtain the
stress-strain properties over a wide range of strain rates from
243% to 2,000,000% per minute; the time to rupture a specimen at
these extreme strain rates is usually less than a thousandth of
a second.
Table 25 presents comparative data on the tenacity, elongation, and energy absorption at various strain rates for nylon
(high and regular tenacity), "Fortisan" (high-tenacity cellulose
acetate), fiberglas, and polypropylene. The table shows that
polypropylene exhibits the qualities for an outstanding, allpurpose fiber. Fiberglas, with an elastic modulus of about
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TABLE 24
Fiber Loop and Knot Strengths

Loop Strength
(g/den)

Knot Strength
(g/den)

Acrilan acrylic

----

2.0-2.3

Orlon acrylic

1.1-1.9

2.7-3.0

Acetate

0.49

1.0-1.2

Teflon fluorocarbon

1.2

11.7

Glass

1.0

16.2-19.8

Nylon 6, regular

3.8-5.4

34.2-48.6

Nylon 6, high tenacity

7.0

54.9

Polyethylene, high density

6.2-13.0

27.0-40.5

Polypropylene

4.5-5.2

36.0-40.5

Dacron polyester, regular

3.4-4.7

Dacron polyester, high
tenacity

5.1

Viscose rayon, high
tenacity

2.3-.5

Reference: 23

--------------

19.8-21.6

EfectoPlyprenFibDamtroKn dLpStrenghs.(R-5)Fiure37

110

Figure38 InfluceoTmpratunheKoStrgfPlypoenMfilamt.(R-31)

TABLE 25
Tenacities, Elongations, and Rupture Densities for Various Fibers

Elongation
at break
%

Tenacity
at break
%

Rupture
energy
density,
g-cm/den

Material

Rate of strain

1. High
tenacity
nylon

1%/min.
10%/min.
100%/min.
300,000%/min.
400,000%/min.

16.7
17.6
16.1
14.7
----

6.28
6.76
6.97
7.57
----

41.3
50.1
46.2
43.8
32.7

2. Fortisan

1%/min.
1%/min.
10%/min.
100%/min.
120,000%/min. 60,%/min.
350,000%/min. 20,%/min.

5.4
5.4
5.3
5.2
----

6.33
6.80
7.04
9.10
----

17.6
19.3
20.4
25.0
18.0

2.8
2.5
2.4
1.8
----

4.73
5.58
6.07
6.12
-

7.6
7.5
7.7
5.1
5.1

3.

Fiberglas

TABLE 25, Continued

4. Regular
tenacity
nylon
5.

Polypropylene

10%/min.
60%/min.

27.4
27.1
27.0

7.65
6.66
6.65

94
93
88

20%/min.
240% /min.
200,000%/min.
370,000%/min.
50,%/min.

38.0
32.2
23.0
27.0
28.4

5.7
6.0
6.9
8.0
8.4

105
98
92
94
95

20%/min.

a-High tenacity nylon- DuPont, type 300, 1085 denier total
b-Fortisan - high tenacity deacetylated cellulose acetate yarn, 787 denier total
c-Fiberglas - type 150-1/0, 204 filament, 323 denier
d-Regular tenacity nylon - Nylon 66,840 denier, type 300 bright yarn
e-Isotactic polypropylene - 230 denier, 70 filament yarn

References: 32,35,25
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300 g/denier, is by far the strongest fiber considered, however,
its breaking elongation of only 2-3% severely limits all applications for fiberglas except those requiring very small deformations. Over the wide range of strain rates tested, polypropylene exhibits outstanding energy absorption values, even
exceeding those of regular tenacity nylon; the breaking tenacity
of polypropylene is slightly lower than "Fortisan" but comparable
to that of nylon. The data in the table show that the tenacity
of fibers increases and rupture elongation decreases with increasing strain rates. These changes result from the fact that
at the lower speeds of loading the viscoelasticity of the fiber
permits partial deformation rather than immediate failure; at
the ballistic speeds of loadings, the creep elongation is negligible resulting in lower fiber extensibility.
Additional information of the stress-strain properties of
polypropylene fiber under static and impact loading conditions
is shown in Figures 39 and 40; the variation of strain rate with
stress at given strains is plotted in Figure 39, while Figure 40
shows the effect of temperature on the stress-strain properties
of polypropylene fiber. The curves in Figure 39 indicate that
the stress is significantly dependent upon the strain rate at
both extremes of the rupture time, but relatively unaffected by
the intermediate strain rates corresponding to the 10
sec

-1

-1

1/2
to 10

range. The predominant characteristic of the family of
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curves in Figure 40 is the rapid decrease in rupture elongation
as the temperature is decreased from 5 4°C to -16°C.
Stress-Recovery Properties
General considerations. The above discussion on the stressstrain relationships of fibers is based on the application of a
stress which ruptures the specimen, i. e., the fiber is loaded
only once; in practice, however, fibers are seldom subjected to
breaking loads, but rather to cyclic stresses which are small
relative to the rupture load values. Consequently, important
properties of fibers not evaluated by stress-strain diagrams are
the elongation-recovery characteristics upon exposure to repeated
stresses considerably smaller than the breaking load. These
characteristics dictate the extent of wrinkle resistance, dimensional stability, and abrasion resistance exhibited by the fiber.
On removal of a stress which has produced an elongation
below the rupture value of the specimen, a recovery toward the
original fiber dimension will result, the extent depending upon
the inherent properties of the material under test. The elongation resulting from the stress consists of: (1) an immediate
elongation of the fiber, and (2) additional creep elongation.
The recovery (or lack of it) can be divided into the following
components: (1) immediate elastic recovery, (2) delayed recovery
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or primary creep, and (3) permanent set or secondary creep.
The immediate elastic recovery is equal to the immediate elongation, however, either a portion or all of the stretch creep
is recoverable; primary creep is the amount recovered, and the
difference between the stretch creep and the primary creep is
the permanent set. The immediate elongation is the elastic
part of the stress-strain diagram in which the elongation is
proportional to the load; the creep stretch is the non-linear
portion which can be considered as incomplete elasticity.
Cappuccio et.

al.

3

developed an empirical relationship

expressing the stress relaxation of polypropylene at 25 °C
which is presented below:
δ1/δ = 1 - A log t where
δ1 - stress after one second
streδ-aim
t - time in seconds
A - factor dependent upon fiber crystallinity
and orientation
The elastic recovery properties decrease as the value of BA!'
increases, i, e., the decrease of the stress with time is
accelerated as 'IA" becomes larger. The dependence of the
factor upon crystallinity and orientation is illustrated in
Figure 41; the plot shows that the elastic recovery increases
considerably as the crystallinity and orientation levels increase.
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Tensile load-recovery charactertics. Quantitative data
on the elongation-recovery properties of various fibers are
contained in the following tables and figures:
Table 26 presents comparative recovery properties of fibers
subjected to 1% and 2% strains for 0.5 - 6 minutes. This
information shows that the recovery of polypropylene is
complete for short stress times (0.5 to 3 minutes) and low
strain rates of 1 - 2%; however, as the load time is increased to 6 minutes, the recovery of polypropylene is
slower than that of "Terylene" polyester.
Additional recovery properties of polypropylene, nylon,
and polyacrylic fibers at strains of 5%, 10%, and 15%
are given in Table 27; the load times for these data are
unavailable. The permanent set exhibited by polypropylene
and nylon 66 at the various strain rates is comparable;
the permanent set in polyacrylic fibers is 4 - 5 times
that of polypropylene at the 3.0% and 15% elongations.
The effect of cyclic stresses on the mechanical properties
of polypropylene monofilament is illustrated by the data
in Table 28. The fiber was loaded for five continuous
cycles with a stress between zero load and loads equal to
2%, 50%, and 90% of the rupture value; the elongation and
recovery speeds were 30 cm/min. These data show that the
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TABLE 26
Comparative Recovery Properties of Various Fibers Subjected to
1% and 2% Strains for 0.5 - 6 Minutes.
A. Single-Fiber Recovery Properties after Holding at 2% Extension
for 30 Seconds (extension and recovery at 10% per minute).
Per cent recovery
Fiber

Immediate

Delayed

Permanent set

Polypropylene

91

9

0

Terylene, N type

95

5

0

Nylon 66

88

12

0

Tricel

90

5-16

-2 to 2

Orlon

60

24

16

Viscose

46

1

43

B. Single Fiber Recovery Properties after Holding at 2% Extension
for 3 minutes.
Per cent recovery
Fiber

Immediate

Delayed

Permanent set

Polypropylene

82-

18

0

Terylene, N type

91

9

0

Nylon 66

79

21

0

Tricel

63-73

11-19

16

Orlon

50

23

27

Viscose

34

29

37
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C. Single Fiber Recovery Properties after Holding at one
Per Cent Bending Strain for 6 Minutes.

Per cent recovery from strain
Fiber

after 1 second

after 100 seconds

Terylene

83 to 86

93 to 96

Polypropylene

40 to 50

90 to 94

References: 36, 37
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TABLE 2?
Recovery Properties of Polypropylene, Nylon, and Polyacrylic
Fibers at Strains of 5, 10, and 15 Per Cent

5% Elongation

Polypren

Nylon 66

Polyacrylic

Immediate elastic recovery

38.4

17.2

20.8

Delayed elastic recovery

61.6

82.8

73.7

0

0

5.5

Immediate elastic recovery

29.4

14.7

11.8

Delayed elastic recovery

64.2

79.9

56.4

6.4

5.4

31.8

Immediate elastic recovery

27.5

14.4

9.2

Delayed elastic recovery

61.7

71.0

49

Permanent set

10.8

14.6

41.8

Permanent set
10% Elongation

Permanent set
15% Elongation

Reference: 6
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TABLE 28
Elastic Behavior of Polypropylene Monofilaments Under Cyclic
Applications of Stresses
Applied Load, % of
the Rupture Stress
Elastic Parameter

25%

50%

9%

Breaking Stress

100

100

96

Breaking Elongation

100

93

92

93

66

52

0

0.5

3.5

Elastic Modulus
Permanent Deformation (1%
of the specimen length)

Reference: 5

permanent deformation for the 25% and 5C% loading is
negligible but increases to 3.5% (of the length of the
test specimen) at the 98' stress. Figure 42 shows the
effect of many (up to 500) cyclic stresses upon the permanent deformation of polypropylene fiber; the applied
load was equal to 50% of the breaking stress. Under such
a repeated stress, the permanent set increases rapidly to
1.5% after 100 cycles, then increases more slowly to 2,0%
up to 500 stress cycles.
Deformation and recovery properties of polypropylene fibers
stressed for relatively long periods of time under small
loads relative to the rupture values are shown in Figure 43.
The fibers were stressed at 0.5, 1.0 0 and 1.5 g/den for 24
hours, after which the stresses were removed and the fibers
then allowed a recovery period of 24 hours. Polypropylene
recovers completely from loads of 0.5 and 1.0 g/den within
2 and 12 hours respectively; the specimen stressed at 1.5
g/den for 24 hours exhibits a permanent deformation of about
1.5%. The instantaneous elastic recovery is the amount of
stretch recovered upon immediate removal of the stress, i.e.,
at zero recovery time, as shown below:

12 5
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Stress, g/d

% elongation
after 21i.-hr.
of stress

% instantaneous
recovery upon
immediate removal
of stress

1.5

7.0

4.75

1.0

5.0

3.25

0.5

2.5

1.00

Comparison of the growth characteristics between polypropylene and nylon 6 under a 1 g/den load for a period of 1000
minutes is presented in Figure 44. The figure shows that
polypropylene fiber exhibits a resistance to elongation
under load that is superior to nylon 6 yarn; the growth
of polypropylene is slightly over 2% after 1000 min under
a 1 g/den load while nylon shows an extension of 4%.
Compressional load - resilience characteristics. A property
similar to the recovery-load characteristics of a fiber is
called resilience; while recovery is the ability of a material
to return to its original dimension upon removal of a tensile
load, resilience is a measure of fiber elasticity after exposure to a compressional load. The discussion above on tensile
load-elongation characteristics with regard to instantaneous,
creep, and permanent set phenomena applies also to fibers and
fabrics in compression. The ability of a fiber to return to its
original dimension after repeated compression is a function of

ElongatiChrces ofNFyilgunre64adPpoylenFibrsUdaoneg/ld.(R-21)
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the energy-absorption characteristics of the material. A very
common application in which resilience is of paramount importance is carpeting, consequently much of the following discussion
pertains to properties of fibers in the form of carpet pile.
The behavior of polypropylene fiber under compressional
loads is illustrated by the following tables:
Table 29 compares the recovery of various pile fabrics
expressed as percent of original thickness retained after
2000, 5000, and 10,000 footsteps. The incorporation of
50% polypropylene with wool increases the recovery from
5 for a 100% wool pile to 70% recovery after 10,000
footsteps; the recovery of 100% nylon pile is 73%.
Table 30 compares the recovery of 100% wool, 100% polypropylene s and 50/50 polypropylene/wool carpets in terms
of depression (inches) and percent pile height retained
after 180,000 footsteps. These data show further the
superiority of polypropylene to wool upon compressional
loading.
Table 31 shows the comparative resilience between polypropylene and polyester fibers under cyclic compression
and prolonged loadings. Under compression loads of one
and ten cycles, the recovery of polypropylene is comparable
to the polyester, however, upon an extended load exposure
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TABLE 29
Tufted Carpet Pile Recovery Properties

Percentage of original thickness
after stated number of footsteps
Pile fibers

2,000

5,0

10,000

Nylon

82

76

73

Wool

71

62

58

50/50 Wool/Viscose

63

53

50

50/50 Wool/Polypropylene

74

72

70

Reference: 37

TABLE 30
Recovery Properties of 100% wai l 100 Polypropylene, and 50/50 Polypropylene/Wool Carpets.
Depression, inches
After
180,000
Footsteps

Pile height, inches

Unworn

After
180,000
Footsteps

Percent
pile height
retained

Carpet

Unworn

100% Polypropylene

0.152

0.053

0.364

0.274

75

50/50 Polypropylene/wool

0.162

0.064

0.384

0.277

72

Wool

0.132

0.057

0.327

0.245

75

Reference: 38
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TABLE 31
Comparative Resilience of Polypropylene and Polyester Fibers Under
Cyclic Compressions and a One-hour Stress with 1000-gram Load.
Poropylene
Herculon
1 cycle

compression, %
recovery, %

Polyester
30,
63.1

63.2.

10 cycles

compression, %
recovery, %

303
46.0

31.3
45.2

1-hour load

compression, %
recovery, %

29.4
57.2:

29.8
32.6

5-min recovery
from 1-hr load

compression, %
recovery, %

29.5
66.4

33.2
49.7

Reference: 21
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of one hour, polypropylene shows slow recovery properties.
In summary, an the resistance to compressional loading,
polypropylene exhibits excellent recovery properties that are
very similar to nylon when the loading is cyclic and sufficient
time is allowed for recovery such as encountered in carpeting.
In tightly constructed fabric blends of polypropylene with other
materials like wool, inter-fiber entanglement occurs which
seriously hinders the recovery properties of polypropylene. In
addition to offering high strength and durability, polypropylene
is considered exceptionally resistant to pilling - an undesirable
accumulation of balls of fiber; pilling is prevalent in other
strong fibers such as nylon and "Terylene" polyester.
Abrasion resistance. The abrasion resistance of a fiber
is actually a measure of the ability of the fiber to repeatedly
absorb energy of deformation. Abrasion-resistant fibers are
capable of elongation under stress, followed by complete recovery
upon removal of the load. As discussed earlier, these deformation and recovery characteristics of a fiber are determined
by the relation among instantaneous elastic deflection, primary
creep and secondary creep. Hamburger

18

lists five properties

as prime requisites for abrasion-resistant fibers:

13)4
(1)
(2)
(3)
(4)
(5)

low elastic modulus
large immediate elastic deflection
high ratio of primary to secondary creep
high rate of primary creep
high magnitude of primary creep

Comparative abrasion-resistance data of various twines
presented in Table 32 were obtained by measurement of the
abrading cycles to effect fiber breakage. Prior to the advent
of the newest fibers, such as polypropylene, nylon was the most
outstanding fiber for resistance to abrasion by far. However,
Table 32 shows that "Ulstron" polypropylene filament exhibits
a degree of abrasion resistance which exceeds that of nylon in
three of the four fiber categories tested. Wet, dry, and dyed
and undyed specimens were tested; the nylon yarn was superior
only in the dry-undyed state, while the polypropylene exhibited
the highest resistance under the other fiber test conditions of:
(1) wet-undyed, (2) wet-dyed, and (3) dry-dyed. This superiority
in the dyed and wet states strengthens the competitive position
of polypropylene for abrasion-resistance applications, which, in
general, require a dyed fiber (clothes) and/or exposure to
moisture such as in fishnets and tow ropes.
A significant increase in abrasion-resistance results by
blending polypropylene with wool as shown in Figure 45; the plot
shows the variation of blend composition with the cycles of
abrasion sustained to rupture the sample. No. 500A emery paper
was applied at 5 psi reciprocating at 125 times per minute as

TABLE 32.
Comparative Abrasion Resistance of Various Twines of Equivalent Diameter- Abrasion
Against Tungsten Carbide Edge (100-g load); Rubs to break.
Polypropylene
Ulstron
Polyethylene

Nylon

Hemp

Linen

Cotton

Tested dry

26,000

970

520

920

1,000

10,000

Tested wet

4,500

270

350

250

600

5,300

Tested dry

50000

400

540

860

1,020

12,000

Tested wet

1,650

380

480

200

750

5,500

Undyed:

Dyed:

Reference: 38
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the abrading agent; the abrasion was measured on a Stoll
Universal Wear Tester.
Along with resilience, abrasion resistance is one of the
two most important properties of a carpet. Information on the
abrasion resistance of polypropylene compared to other fibers
has been developed during the evaluation of polypropylene for
carpeting applications. Although the following information is
relative to the incorporation of polypropylene fibers in carpeting, the data are valid and useful for further illustration of
the excellent abrasion-resistant properties of polypropylene.
Tread tests were conducted on 16-oz/sq. yd. Axminister
carpets consisting of: (1) 100% wool, (2) 50% wool-50% polypropylene, and (3) 1041 polypropylene. The carpets were laid on a
stone staircase without an underfelt; the results of the tests
were:
(1) The wool carpet was completely worn after
15,000 treads
(2) The 50-50 polypropylene-wool blend wore
after 60 0 000 treads
(3) The polypropylene carpet showed no indication of
wear after 70,000 treads
The U. S. Rubber Company has used the Taber Abraser Tester
to further evaluate the abrasion resistance of polypropylene
fibers employed in carpeting. The Taber Tester subjects the
sample to a rotary rubbing action under controlled conditions of
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pressure and abrasion. The degree of abrasion was measured
by the sample weight loss per 1000 cycles with a # CS-17 wheel
in the Taber Tester. Test results on typical carpet fabrics
are shown in Table 33 in terms of weight loss in milligrams per
1000 cycles for polypropylene, nylon, wool, and viscose fibers.
Also shown in Table 33 is an arbitrary classification for
carpet wear based on the Taber Tester.
ENVIRONMENTAL BEHAVIOR
Flammability
Comparative burning characteristics of various synthetic
and mineral fibers are presented in Table 34. This information
shows that synthetic fibers exhibit the following degrees of
flammability:
(1) burn rapidly (polyethylene)
(2) burn slowly (polypropylene)
(3) support combustion with difficulty (polyamides)
(4) do not support combustion ("Dynel" copolymer of acrylonitrile and polyvinyl
chloride)
From the data given above, polypropylene can be considered
as intermediate in flame resistance comparative to other
synthetic fibers. The beneficial effect of the addition of
polypropylene to rayon (which burns rapidly) on the flammability
of fabrics is apparent from the data in Table 35.

TABLE 33
The Abrasion-Resistance of Carpets as Measured by the Tabor Abraser Tester
A.

Taber Abraser Classification for Carpet Wear
Weight Loss-Milligrams
Per thousand cycles

Arbitrary
Classification

0-200

Excellent

200-450

Good

450-700

Fair

Above 700

Poor

B. Wear Resistance of Various Carpets
Fiber

Pile Wt.
Oz./sq. yd.

Weight loss, (mg),
Per 1000 cycles

Classificatior

Polypropylene

16-22

22-50

Excellent

Nylon

16-22

20-40

Excellent

Wool

16-22

400-450

Good

Viscose

28-32

1000-1500

Poor

Reference: 8

TABLE 34
The Burning Characteristics of Fibers
Fiber

Before touching flame

In flame

After leaving flame

Nylon 66

Melts before touching
flame

Melts and
burns

Does not readily
support combustion

Nylon 6

Melts before touching
flame

Melts and
burns

Supports combustion
with difficulty

Dacron

Melts before touching
flame

Melts and
burns

Burns readily

Dynel

Shrinks away from
flame and melts

Melts and
burns slowly

Does not support
combustion

Acrilan

Melts, ignites before
reaching flame

Melts and
burns rapidly

Burns readily with
sputtering

Orlon (81 and 42)

Melts, ignites before
reaching flame

Melts and
burns

Burns readily with
sputtering

Teflon

Melts when almost in
flame

Melts and
decomposes

Does not support
combustion

Polyethylene

Melts, shrinks, and
curls from flame

Melts and
burns

Burns rapidly

TABLE 34, Continued
Polystyrene

Melts, shrinks, and
curls from flame

Melts and
burns

Burns rapidly with
production of great
deal of soot

Polypropylene

Shrinks rapidly from
flame, curls, and
melts

Melts,
ignites with
difficulty

Burns slowly

Asbestos

No effect

Glows

Does not burn

Glass

No effect

Glows

Does not burn

Reference: 23
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TABLE 35
Effect of Polypropylene Blends on the Flan ability of Fabrics

Fabric

Time of flame spread, sec

100% Rayon staple shirting

6.1

90% Rayon--10% Herculon
Polypropylene

6.0

80% Rayon-20% Herculon
Polypropylene

6.2

7% Rayon-30% Herculon
Polypropylene

6.3

65% Herculon-35% Rayon

8.2

Reference: 21
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Thermal Stability
This section is concerned with the effect of thermal
exposure upon the dimensional stability of polypropylene fibers;
the thermal effect on the mechanical properties of the fibers
was discussed in a previous section.
As with most synthetics, polypropylene is a thermoplastic
material which, as such, softens and becomes fluid (melts) under
the influence of heat and pressure; in contrast, the natural
fibers do not soften but decompose directly upon exposure to
excessive heat. Because of this temperature sensitivity, it is
possible to subject thermoplastic fibers to a thermal "heatset" -- a conditioning of the fibers which imparts a degree of
dimensional stability against shrinkage that is dependent on the
temperature of the heat setting operation. For example, nylon
fibers heat set at 120 °C (the fiber is maintained at a fixed
length), then cooled and reheated to 120 °C will exhibit less
than 2% shrinkage; however, upon raising the temperature to
180°C, about 20% shrinkage would result. In addition to minimizing fiber shrinkage during use subsequent to manufacture,
the heat set treatment removes stresses generated during the
various stages of fiber preparation; the removal of these stresses
permits the production of flat, uniform fabrics without a
tendency to curl or pucker,
Softening and melting temperature. Quantitative data on
the softening and melting points of various fibers are summarized
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in Table 36. This table shows that polypropylene is comparable
to polyethylene and most natural fibers such as silk, cotton,
and wool, but significantly inferior to polyamides, polyesters,
and rayon with regard to thermal resistance. The relatively
low melting point (165 °C) and sticking point(145°C) of polypropylene have presented some difficulties in providing a general
use fabric that can be pressed with a hot iron. However, many
ironing tests conducted by the Hercules Powder Company indicate
that polypropylene, in total or as a blend component in a fabric,
may be ironed. Medium weight 100% "Herculon" fiber fabrics have
been successfully ironed with a General Electric Company iron at
the synthetic temperature setting of 120 °C-138 °C. Further tests
showed that at the rayon temperature setting of 160-170 °C, 100%
"Heraulon" fabric puckers after one second under the iron; at
this same temperature, a fabric blend of 65% "Herculon" - 35%
rayon resisted puckering for ten seconds of iron exposure.
Hot oven and hot water shrinkage. The percent shrinkage
of polypropylene fiber as a function of fiber temperature and
heating medium (air and water) is presented in Figure 46. The
figure contains data from two investigators for fiber shrinkage
under hot air exposure; the data of Conti and Coen 5 were obtained
after a 1/2 - hour exposure of the fiber to the heating media.
Table 37 compares the heat shrinkage of: (1) yarns prepared
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TABLE 36
Thermal Sensitivity of Various Fibers

Fiber

Soften

Temperature, °C
Melt

Decompose

Polypropylene

145-150

165

----

Polyethylene
(low density)

90-95

115

----

Polyethylene
(high density)

120-125

135

----

Dacron
(polyester)

235

250

----

Orlon

235

250

----

Rayon

---

---

180

Acetate

200

230

----

Nylon 6

205

220

----

Wool

---

Silk

---

Cotton

---

Glass

735

References: 19, 23, 27
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from polyethylenes (low and high density forms) with polypropylene
exposed to 100 °C, and (2) polypropylene ("Meraklon") fibers with
nylon, polyacrylic, and polyester fibers under hot-oven and hotwater exposures. The data in this table show that polypropylene
exhibits excellent dimensional stability upon thermal exposure
up to 100 °C; in air at 130 0C„ the shrinkage of polypropylene is
comparable to polyester but 2-5 times higher than nylon 66 and
polyacrylic fibers. The significant effect of polypropylene in
blended fabrics on the control of shrinkage upon washing is shown
in Figures? and 48.
Figure 49 shows the stabilizing effect of heat setting polypropylene fabrics with plots of percent shrinkage in treated (at
265 °F) and untreated samples upon thermal exposure. As mentioned
above, and illustrated by the plot, heat-setting is a major factor
in the control of fiber shrinkage. From the plot, significant
shrinkage of the treated sample does not occur until the heat-set
temperature is reached while the untreated sample has already
suffered about 10% shrinkage. Beyond the heat set temperature of
265 °F, the rate of percent shrinkage is comparable in both samples,
but the absolute level is about five times lower in the treated
sample.
Dyeability
To be considered useful in the textile industry, one of the
prime requisites which a fiber must fulfill is ease of dyeability.

TABLE 37
Thermal Shrinkage of Synthetic Fibers
A.

Shrinkage of Yarns at 100°C
Polyethylene
low density

Polyethylene
high density

B.

6

10

% Shrinkage

Polypropylene

Shrinkage of Polypropylene Fibers in Air and Water
"Meraklon"
Polypropylene

66
Nylon

Polyacrylic

Polyester

One-half hour underwater 100°C
% Shrinkage

0.0

0.0

0.0

0.0

One-half hour in air at 100 °C
% Shrinkage

0.0

0.0

0.0

0.0

One-half hour in air at 130 °C
% Shrinkage

2.5

1.4

0.5

2.5

References: 6,20
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Since polypropylene possesses a compact molecular structure void
of atomic groups with dye-attracting sites, the fiber lacks affinity for the absorption of conventional dyes, and consequently
does not respond to the usual dyeing techniques. Since the discovery of polypropylene, manufacturers have extensively sought
methods to increase the dye affinity of the fiber. The large
number of recent patents and literature on the dyeing of polypropylene serves as evidence of the worldwide research effort
expended toward the development of new dyes and methods for
dyeing synthetic fibers.
To date, several approaches have been developed which permit
the preparation of a dyeable polypropylene fiber:
(1) Co-polymerization of the base monomer (propylene) with
a small amount of a monomer containing active atomic
groupings which readily accept usual dyestuffs.
(2) The introduction of inert substances (added to the
polypropylene prior to extrusion) which act as swelling
agents, i. e., the resultant fibers become hydrophilic
which permits easy penetration of the dye liquor into
the fiber. The influence of these agents on the permeability of dyestuffs into polypropylene fiber is
probably the result of a distortion of the compact
molecular structure of polypropylene. This increased
permeability is illustrated by the data of Dorset in
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Table 38 which shows that the moisture regain at 5r., 8%, and
100% relative humidity increases significantly for the modified
fibers containing the foreign substances comparative to the untreated fibers.
Additional improvements in the above modified fibers are
realized by further chemical and thermal treatments which not
only enhance fiber dye affinity but also provide substantial
dimensional stability to the fibers. These treatments involve:
(a) dyeing the extruded fiber at elevated temperatures of 100 °C
or more, and (b) use of additional chemicals such as monoethanolamine, formaldehyde, and polyethylenimine. The improved dye
affinity of these further modified fibers is indicated
qualitatively by the increased moisture absorption of the fibers
as shown in Table 39. As mentioned in the section on light
stability, polypropylene fibers are very adversely affected by
ultra-violet irradiation. The additional benefit of stability
toward ultra-violet light exposure imparted by these further
treatments is shown graphically in Figure 50 which presents the
difference in light stability of various treated polypropylene
fibers as well as nylon fibers.
Probably the most promising approach to the dyeability
problem is the development of special dyes which have an affinity
for polypropylene fibers and can be introduced by conventional
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TABLE 38
Moisture Regain for Polypropylene Fibers Modified Chemically
% Moisture Absorption
% R. H.

Untreated
fibers

Modified
fibers

50

1.1

1.1

8o

2.9

3.1

100

3.3

7.2

Reference: 9
TABLE 39
Moisture Regain for Polypropylene Fibers Modified Chemically
and Thermally
% Moisture Absorition
% R, H.

Untreated
fibers

Modified
fibers

50

1.1

1.8

80

2.9

3.6

100

3.3

43.5

Reference: 9

Figure50 ResitanceofVariously-trea dFiberstoUlra-VioletLight.(R-9)
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methods. Such a technique circumvents the more expensive and
complicated methods described above. A recent patent describes
certain dyes which can be conventionally applied and are effective
in producing polypropylene fibers with good fastness properties.
These special dyes, currently restricted to several colors only,
contain long aliphatic chains which are effective in increasing
the hydrophilic character of the fibers resulting in adequate dye
permeation. Examples of these dyes are benzene-substituted
monoazo dyes which contain long-chained (7 carbon atoms minimum)
aliphatic groups such as results from combining beta--naphthol
with: (1) diazotised para-amino-octylbenzene which gives a bright
yellow dye, and (2) diazotised octa-decyl-aniline which produces
a bright yellowish-red dye.
The slight effect of dyeing on the properties of fibers is
shown by the data in Table 40; data on the tensile properties
for both dyed and undyed fibers, which include nylon and polyester
in addition to polypropylene, are presented. A disperse dye of
3% Duranol Blue # 20300 was applied to the fibers for one hour
at 100 00 for these tests*
In spite of the above modifications and treatments, the
commercial production of a dyeable polypropylene fiber has yet
to be announced; high cost and limited color range of effective
pigments currently available appear to be the major disadvantages

TABLE 40
Effect of Dyeing Various Fibers with 3% Duranol Blue #2G300 for One Hour at 100°C
Dyed

Undyed
Nylon

Terylene
Polyester

Ulstron
Polypropylene

1,901

2,202

2,563

2,048

26.6

30.4

25.8

26.4

31.3

6.1

5.0

7.3

5.3

4.7

7.0

Extension
at break, %

18.8

13.4

22.4

30.9

22.2

29.1

Wet Knot

14.4

16.4

18.8

14.1

13.8

18.3

Nylon

Terylene
Polyester

Measured
denier *

2,002

2,416

Breaking
Load, lb

27.0

Tenacity,
g/den

Ulstron
Polypropylene

* 225 meter length measured under atmospheric conditions.
Reference: 38
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of these modifications. Until the development of an economic
and complete dye system, commercially colored polypropylene
fibers will continue to be prepared via pigmentation prior to
extrusion.
Moisture Absorption
Strength, stiffness, and stability are usually considered
as prime criteria for the evaluation of textile fibers. However,
in addition to these qualities, fibers must also exhibit a certain
degree of instability or workability - a factor which permits such
textile operations as dyeing, heat-setting, and finishing. Next
to temperature, moisture is recognized as the most influential
agent on this workability of fibers.
Mechanism of moisture abssorption in fibers. The sensitivity
of fibers to moisture effects (as well as thermal effects) is dependent upon both the composition as well as the geometric arrangement of the molecular structure of the fiber. As mentioned, fibers
are composed of long, flexible macromolecules which, depending upon
the structural regularity, are considered as crystalline, amorphous,
or a combination thereof. The crystalline regions are characterized
by-well-ordered and closely-arranged molecular segments while in
amorphous areas, the molecules are linked at infrequent intervals
along the molecular chains which results in an open and random
structural arrangement.
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The crystalline areas are practically immune to the penetration of moisture (as well as other liquids) while the amorphous
regions, in sharp contrast, are readily attacked by permeants.
Since the water molecules become attached to the fiber molecules,
the degree of moisture absorption in fibers is also dependent upon
the presence and availability of hydrophilic or polar groups in
the amorphous regions. Some examples of these water binding groups
in fibers are hydroxyl, amino, carboxyl, and carbonyl groups.
Comparative moisture absorption of fibers. A certain degree
of moisture absorption is highly desirable to facilitate dyeing
operations as described previously. However, this same moisture
is undesirable from the viewpoint of its deleterious effect on
the physical dimensions, weight, and physical properties of textile
fibers. The amount of moisture in fibers is usually expressed as
percent moisture content or percent moisture regain. Percent
moisture content is the weight of water calculated in terms of a
percentage of the original sample weight while percent moisture
regain is based on the percentage of the dried fiber weight.
Table 41 contains moisture regains of various fibers under
standard equilibrium conditions of temperature (701) and relative
humidity (65%). The imperviousness of polypropylene to water as
seen from the table (zero moisture regain) results from the highly
crystalline structure of the polymer and the absence of water-
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TABLE 41
Moisture Regain of Various Fibers at 70 °F and 65% Relative
Humidity
Fiber
Cotton, raw
Wool

Moisture regain, %
8.5
16.0

Acrilan acrylic

1.5

Orlon acrylic

1.5

Acetate

6.5

Teflon fluorocarbon

0

Glass

0

Nylon 6, regular

4-5

Nylon 66, regular

4.5

Nylon 6, high tenacity

4-5

Nylon 66, high tenacity

4.5

Polyethylene, high density

0

Polypropylene

0

Dacron polyester, regular

References: 22 1 23

0.4-0.8
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binding polar groups found in most other fibers. Because of
this inertness to moisture, the physical properties of wet and
dry polypropylene fibers are essentially identical. In contrast,
the moisture-absorbing fibers can be easily dyed but the moisture
also produces harmful effects on the physical properties. An example of this undesirable aspect of moisture is shown in Table
42, which presents fiber swelling data upon immersion in water.
Light Stability
As with other polyolefins, polypropylene is susceptible to
the effects of ultraviolet irradiation which adversely influences
fiber strength and breaking elongation. The instability of polypropylene to radiation has been attributed to a decomposition of
hydroperoxide groups formed at the tertiary carbon atoms via oxidation. However, by the incorporation of proper anti-oxidants
and radiation absorbers, the light stability of polypropylene is
greatly improved.
The effect of Florida and indoor laboratory ageing on polypropylene fibers is illustrated by the following plots, in which
the percent of original fiber strength retained is the measure of
light stability:
Figure 51 shows the comparative resistance of stabilized
polypropylene and nylon 6 fibers upon exposure to Florida

TABLE 42
Swelling Properties of Fibers Upon Immersion in Water

Smelling Properties

Diameter
Increase, %

Length
Increase, %

1.9-2.6

Cross Sectional
Area Increase, %
1.6-3.2

Nylon 66, high tenacity

1.2

Polyethylene, low density

---

Dacron polyester, regular

0.1

0.3

0.6

Viscose rayon, regular

3-5
-

25-52

50-113

Polypropylene

Reference:

23

------

------

0

0
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sunlight; although nylon exhibits superior light resistance, the stability of polypropylene is considered adequate
for most outdoor applications.
Figures 52 and 53 are the result of a study by the Firestone
Company to show the effect of various pigments on the
ageing of polypropylene monofilaments. This study indicates
that black is the most effective stabilizer, followed by
white, yellow, and red. The test specimens were exposed to
Florida sunlight and a sun lamp for Figures 52 and 53 respectively.
Figure 54 presents a family of curves showing the change in
residual strength in terms of exposure time to a 100-watt
mercury vapor lamp for various denier polypropylene fibers
as well as a dyed (black) fiber; the residual strength is
expressed as a percentage of the initial strength. The
lamp was placed in the focus of a parabolic mirror 11 cm.
from the monofilament. From the plots it is seen that the
finer filaments are more sensitive to photochemical oxidation, while the addition of carbon pigment into the fiber
imparts excellent resistance to ultraviolet irradiation.
When a black color is undesirable, other, less effective,
light stabilizers are available.
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Chemical Resistance
The chemical resistance of polypropylene is exceptionally
noteworthy. Extensive information on the chemical resistance of
polypropylene fibers has been developed through exhaustive tests
with literally hundreds of organic and inorganic chemicals.
These data show that polypropylene fibers are very resistant to
mineral acids, alkalies, aqueous solutions of inorganic salts,
detergents, oils and greases, and organic solvents at room
temperature.
In general, the chemicals that adversely affect polypropylene
are organic solvents such as chlorinated compounds, aromatic
hydrocarbons, and the higher aliphatic hydrocarbons which, even
at room temperature, produce swelling and softening; at elevated
temperatures (160 °F) polypropylene is soluble in these organics.
The other substances which attack polypropylene are highly oxidizing reagents such as fuming nitric acid, halogens, 10C oleum
and chlorosulfonic acid.
Quantitative data on the chemical resistance of polypropylene
and other related materials are presented in the figure and tables
discussed below. Figure 55 illustrates that the resistance of
polypropylene fiber to both acids and alkalies is higher than
various other synthetic fibers. Table 43 shows the chemical
resistance of 100 percent polypropylene yarns in terms of percent

ChemicalRtonfVriFugsYea5toSlinsf10%SulricAdan40%SoiumHydrxeat70°Cfor1Hus.(R-38)

TABLE 43
Resistance of 100 Per Cent Polypropylene Yarns to Chemicals
Percent Change after 7 Days Exposure
Reagent
Control
H2 SO4 , 50 per cent, w/w
H3PO4, concentrated
HNO 3, 20 percent, w/w
HCl, concentrated
NaOH, 20 percent, w/w
In-Cresol
Benzene
Fuel oil
H2O2, 10 percent, w/w
H2O2, 10 percent, w/w
Carbon Tetrachloride
Trichloroethylene
Sodium Hypochlorite, 10g/1

Temperature, °C
70
70
70
70
70
70
70
70
70
70
30
50
50
50

Weight
Nil
-0.2
-0.2
Nil
-0.2
-0.3
-0.8
-1.2
+0.7
-1.2
-0.1
-1.0
-1.1
-1.1

Denier
----13
-4
-6
-3
+1
+2
+7
-4
-6
+10
-3
+1

References: 36,37

Tenacity

Extension

-------12
2
-4
-6
+8
+2
-1
,4
-4
-3
+1
+1
-8
-1
-13
-9
Too weak to test
-17
-20
-7
+2
-1
-4
+12
+13

-4
-4
-8
-8
-5
+23
-8
-2
+21
-5
+2

Tested for 13. Hours

Boiling Solvents
Benzene
Trichloroethylene
Carbon Tetrachloride
m-Cresol

Rupture Load

boil
boil
boil
100

-2.1
-16.8
-3.9
-0.8

+25
+52
+46

+75
-24
-5
Heavy shrinkage, no tests
Heavy shrinkage, no tests
+102
-14
+26
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changes in fiber properties. Table 44 compares the chemical
resistance of polypropylene with polyethylene by noting the
change in tensile strength upon exposure to the more active
reagents. In the majority of the tests, the two types of polyethylene were more sensitive to exposure than the polypropylene.
In addition, since polypropylene has a higher initial tensile
value, it may suffer a greater percent loss in strength and still
be stronger than the polyethylene showing a smaller percent loss
upon chemical exposure.

TABLE 44
Comparative Chemical Resistance of Polypropylene and Polyethylene
A. 3 - 6 Weeks Immersion

Polyethylene
low density

Linear

(% crystallinity
63
56

Xylene

-30.7

-12.8

-5.3

-1.0

Turpentine

-37.7

-15.6

6.0

-16.3

Chloroform

-100%

7.9

0.8

2.0

9.3

23.5

-6.3

-14.8

Commercial Bleach

-22.8

-18.2

-24.2

-20.9

1% Hydrogen Peroxide

-13.9

-32.7

8.6

-7.2

Liquid

Hexane

TABLE 44 0 Continued
B. 4 Months Immersion

Liquid

Polyethylene
Low density

Linear

Polypropylene
(% Crystallinity)
63
56

Water

1.8

0

-1.1

-8.6

Isopropyl alcohol

1.1

-7.1

-7.1

-11.3

Primol D

-8.1

-78.0

10.1

-20.0

Silicone oil

-1.5

-11.0

13.8

-7.1

Methylethylketone

-5.2

-42.7

0

-6.0

141% Sodium hydroxide

-1.6

-14.0

3.2

-405

10% Common salt

2.6

-6.5

0

-9.1

10% Acetic acid

-8.1

9.8

13.2

-4.7

Doictyl phthalate

-6.5

-2.3

5.9

-3.6

Linseed oil

-5.6

-60.5

1.1

-3.4

Corn oil

0

-50.5

16.0

-19.8

Methanol

2.2

2.5

2,3

-7.2

"Ipepal"*

-100

-100

9.8

-1.8

* A surface-active agent used as detergent.
Reference: 24

DEFINITIONS AND FIBER TRADEMARKS
Spin-draw ratio - Ratio of take-up speed to extrusion speed
in the spinning process.
Draw ratio

- Ratio of the length of the drawn filament
to the undrawn filament; draw ratio is also
expressed as the ratio of the denier of the
undrawn fiber to the denier of the drawn
fiber.

Total draw ratio- Product of the spin draw ratio and the draw
ratio.
Dacron - Polyester filament; trademark of the Du Pont de
Nemours and Company.
Orion - Acrilic fiber; trademark of the Du Pont de Nemours
and Company.
Herculon - Polypropylene filament; trademark of the Hercules
Powder Company.
Terylene - Polyester fiber; trademark of the Imperial Chemical
Industries, England.
Ulstron - Polypropylene fiber; trademark of the Imperial
Chemical Industries, England.
Tenite - Polypropylene; trademark of the Eastman Kodak Company
Meraklon - Polypropylene fiber; trademark of the Montecatini
Company, Italy.
Fortisan - High tenacity saponified acetate filament; trademark of the Celanese Fibers Company.
Profax Polypropylene; trademark of the Hercules Powder Company.
Teflon - tetrafluoroethylene; trademark of the Du Pont de
Nemours and Company.
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